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Abstrart 
Compound-specific carbon isotope analysis (CSIA) was performed on 
individual polycyclic (or polynuclear) aromatic hydrocarbons (PA H) isolated from a 
diverse range of environmental samples. These measurements were undertaken to 
determine whether eSIA could provide additional or complementary information to 
molecular signatures for quantitatively apportioning inputs of PAH to depositional 
environments. PAH extraction and purification methods suitable for eSIA were 
developed, and the isotopic integrity of the oDe values of standard PAH taken 
through these work-up procedures and when exposed to a range of weathering 
reactions was assessed. The molecular and isotopic signatures of prominent primary 
and secondary sources of PAR were then characterized and quantitatively compared 
to the corresponding signatures isolated from St. lohn's Harbour and Conception Bay 
sediment samples. 
No significant isotopic fractionations were observed in a range of 3, 4 and 5-
ring PAR taken through the sample work-up procedures. The ol3e values of a similar 
range of standard compounds was also unaffected when exposed to a series of 
.volatilization, photolytic and microbial degradation studies. 
The molecular signatures of the prominent primary combustion sources in 
eastern Newfoundland (fire and car soots) were characterized by the presence of 3, 4 
and 5-ring parental PAR, whereas petroleum-related sources including crankcase oil 
were dominated by 2 and 3-ring parental and methylated PAH. The trend observed 
in the olle values of the 3, 4 and 5-ring PAH in the two combustion sources was 
postulated to be jointly controlled by precursor compounds in the original source 
11 
material and a senes of secondary reactions that occur during pyrolysis and 
pyrosynthesis (e.g., wood burning and car engine combustion). The significantly 
oUC-depleted compounds observed in crankcase oil compared to the combustion 
sources, particularly phenanthrene and pyrene, was attributed to thermally-induced 
aromatization reactions of natural compounds in the oil. The aromatization of cyclic 
precursors (e.g., terpenoids) commonly found in virgin crankcase oil results in the 
production of some 3 and 4-ring PAH. 
Secondary source molecular signatures (road sweeps, untreated sewage and 
roadside snow) were comparable. and indicated PAH mainly of combustion origin. 
The application of two component (combustion vs. crankcase oil) mixing calculations 
using both the cSllC and the normalized molecular abundances indicated that PAH in 
the open-road sweeps and snow samples were influenced by approximately 30% 
inputs of crankcase oil while crankcase oil inputs to sewage were around 20%. 
PAH of combustion, petroleum and diagenetic origin were identified from the 
molecular characterization of'St. John's Harbour sediments. From the two-component 
mixing calculations, approximately 70% of the overall input of PAH was identified 
to be of combustion origin, with vehicle emissions apparently being the dominant 
input source. Crankcase oil inputs account for the remaining 30% of the PAR in 
these sediments. However, intersample isotopic and molecular variations indicated a 
range of combustion contributions ranging from 50% to 90%. 
The molecular signatures of Conception Bay sediments were characterized by 
combustion and diageneti.::ally-derived PAH. The observed Ol3C variations in the 3, 
4 and 5-ring compounds also indicated that the PAH were derived from a combination 
iii 
of at least two pnmary sources. However, the oUC-depleted component is quite 
unlike crankcase oil and PAH contributions from other petroleum-related source or 
diagenetic origin are suggested as suitable candidates for this unknown component. 
CSIA of individual PAH was found to bz highly complementary to molecular 
signatures in elucidating primary source inputs to depositional environments. 
Additionally, CSIA allows for a more quantitative approach to apportionment using 
the individual ol3C alone or in combination with the molecular abundance data and 
mass-balance models. 
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J.O INTRODUCTION 
1.J General statement: 
Polycyclic (or polynuclear) aromatic hydrocarbons (PAH) are a group of 
hydrocarbons containing two or more fused benzene rings (Figure 1; Neff, 1979; McElroy 
et aI., 1985). These compounds are ubiquitous environmental contaminants and many 
have toxic properties including an association with mutagenesis and carcinogenesis 
(Cerniglia, 1991). The World Health Organization (WHO) and the U.S. Environmental 
Protection Agency (USEPA) have recommended sixteen parental (unsubstituted rings) 
PAH as priority pollutants (Figure 1). Although several sources of PAH have been 
identified, anthropogenic emissions contribute the greatest proportion of PAH to modern 
estuarine and coastal environments (Bjorseth and Ramdahl, 1983). PAH can enter such 
environments as a result of direct discharges from petroleum spills, natural oil seepage 
and offshore production activities, or indirectly from natural and anthropogenic terrestrial 
sources. Evaluation of the impact of PAH on coastal and estuarine environments requires 
the assessment of concentrations, binding and transformations, and recognition of sources 
(Canton and Grimalt, 1992). Since PAH are hydrophobic and lipophilic, they tend to 
adsorb to fine particulates and accumulate in sediments. Sediments are recognised to be 
the largest repository for and potential source of organic contaminants in the marine 
environment. Thus they offer the potential for evaluating the relative importance ofPAH 
contributions from various sources as a function of space and time. 
Source apportionment generally refers to the quantitative assignment of a 
combination of distinct sources for a particular group of compounds introduced into a 
Figure 1. The 16 PAH recommended by the World Health Organisation 
(WHO) and U .S. Environmental Protection Agency (USEPA) to be 
listed as priority pollutants. Na;; Naphthalene, Ay = Acenaphthylene 
Ae = Acenaphth~ne, F ;; Fluorene, Pa = Phenanthrene, A = 
Anthracene, FI = Fluoranthene, Py :::;;: Pyrene. BaA = 
Benz(a)anthracene, Chy ;; Chrysene, Benzo(k)f1uoranthene, BbF = 
Benzo(b)fluoranthene, BaP = Benzo(a)pyrene, IP = Indeno(l,2,3-
cd)pyrene, B(ghi)Pery = Benzo(ghi)perylene and DB(a,h)A = 
Dibenz(a,h)anthracene. Also included is an example of a methylated 
compound with a methyl substitution at the 9 carbon position (9-
Methylphenanthrene) rvtPa ;; Methylphenanthrene. 
co Na (128) ci6 I~ I I FL(202) ~ .-1 .-1 J BaP(252) ~ ~
CO Ay (152) &9 ~ ~ Py (202) I ~ ~ 
CO co9 I!. /J--I!.. .... l. ... J IP (276) I Ae (154) ~ ~ BaA (228) I ~ . ~ .Q 
o=D F (166) I I 
* 
~ ~ 
~ ~ Chy (228) 
II r II -I B(ghi)Pery (276) I.Q d=b Pa (178) 
~ BkF(252) (XX) I II ~ ~ ~ A (178) 
r: 'T 'T 'Y 
DB(nh)A (27KI 
./"'.....~~d" 
d=o MPa(192) lA~") BbF(252) 
w 
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system. Presently, source apportionment studies of fluxes and deposition of PAH III 
coastal and inshore marine sediments rely on PAH distribution patterns as well as on the 
use of molecular markers characteristic of certain source emissions to distinguish between 
and among natural and anthropogenic inputs (Dastillung and Albrecht, 1976; Lake et al.. 
1979; Sporstol et ai., 1983; Simoneit, 1986; Kennicutt II ct ai., 1991; Canton and Grimalt 
1992; Brown and Maher, 1992; Steinhauer and Boehm, (992). MoleCUlar parameters 
have been used with varying success to constrain specific inputs of PAH to sediments. 
PAH can undergo physical, chemical and biological weathering when they are 
suspended in the atmosphere and water column, and during deposition at the sediment 
water interface. These transformations, together with the initial non-uniqueness of 
molecular characteristics for many potential sources, rnake molecular signatures 
inadequate for determining specific PAH sources. For example, Wakeham et al. (1980a) 
isolated very similar concentrations of alkylated and non-alkylated compounds from 
different sources and Grimmer et al. (1983a) noted that very similar parental PAH protiles 
were produced during the combustion of different materials. These characteristics make 
it difficult to perform quantitative apportionment using molecular signatures alone. It is 
for these reasons that complementary or even alternative source apportionment techniques 
need to be evaluated. Compound-specific isotope analysis (CSIA) of carbon is one such 
technique that may provide independent constraints for elucidating inputs of anthropogenic 
PAH to depositional environments, such as sediments. The measurement of llC/J2C ratios 
in individual compounds is accomplished using a modified conventional stable isotope 
ratio mass spectrometer following initial separation by gas chromatography and carbon 
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conversion to CO2 by combustion . The instrument used to perform such measurements 
is known as a gas chromatograph/combustionlisotope ratio mass spectrometer 
(GClCIIRMS) (Sano et aI., 1976; Matthews and Hayes, 1978; Freedman et at., 1988). 
Apart from the preliminary results we have published (e.g., Abrajano et aI., 1993; 
O'M alley et aI., 1994) the measurement of the carbon isotope ratios of individual PAH 
deposited in modern sediments have not been reported. However, Freeman et al. (1990) . 
demonstrated that the carbon isotope ratio of individual aromatic hydrocarbons can be 
used to establish the relationship between diagenetically altered hydrocarbons and their 
source material, while Chung et al. (1992) and Clayton (1992) have reported individual 
(SuC values for methylated PAH extracted from a suite of crude oils. 
The ability to source apportion PAH deposited in sediments using CSIA requires 
that: (a) input sources be isotopically distinct to a greater degree than instrument precision 
and natural variability in the isotopic composition of the source, (b) initial isotopic 
signatures be preserved during transportation, sedimentation and biodegradation, and (e) 
suitable procedures of separation and purification of fractions can be developed so that 
they do not alter the isotopic composition of individual compounds. 
The primary aim of the following study is to determine whether CSIA can provide 
complementary information to existing trace sourcing techniques (molecular signatures) 
in ducidating prominent source contributions of PAH. St. John's Harbour (high PAH 
levels) and Conception Bay (low PAR levels), both from eastern Newfoundland, were 
used as "model" study sites. The elevated PAR concentrations in the Harbour sediments 
are mainly due to a number of input sources such as sewage and boat traffic as well as 
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the relatively enclosed configuration of the depositional basin. In contrast, Conception 
Bay is situated away from notable urban perturbation where PAH inputs are limited to a 
small number of potential point sources. The following objectives were targeted to 
accomplish the overall aim of this research : 
(I) adopt suitable PAH extraction and purification methods to minimise coelution 
and background effects that are normally associated with environmental samples. 
(2) assess the ability of the adopted extraction and purification procedures to 
maintain the isotopic integrity of PAH standards. 
(3) assess the isotopic stability of standard PAH In in-\';Iro volatilization, 
photolytic and microbial degradation studies. 
(4) define the chemical and isotopic signatures ofPAH from potential primary and 
secondary sources in eastern Newfoundland. 
(5) define the chemical and isotopic characteristics of PAH in sediments from St. 
John's Harbour and Conception Bay, and 
(6) quantitatively compare the molecular and isotopic signatures of the sediment 
P AH to those of the potential sources. 
For the purpose of the present study, primary sources refer to the exact origin of 
PAH while secondary sources correspond to intermediate reservoirs of PAH in the 
environment. The primary sources of PAH studied were combustion by-products from 
domestic fireplaces, woodstoves and oil-tired furnaces (#2 fuel oil), vehicle exhaust 
emissions, crankcase oil and emissions from an oil-fired power generating station (Bunker 
C fuel oil) close to the Conception Bay site . Secondary sources included road surface 
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particulates, sewage effluents, snow and atmospheric particulates. 
1.2 Physital and chemical properties of PAD: 
The stability of PAH prior to deposition In sedimentary environments IS 
influenced by a variety of important removal mechanisms, such as volatilization, 
sedimentation, chemical oxidation and reduction, photodecomposition and microbial 
degradation (Cerniglia, 1991). The degree to which a PAH will be affected by these 
processes is predominantly related to the physical and chemical properties of the 
indi vidual compounds (Lee et aI., 1981; Zander, 1983). 
PAH are homocyclic species containing only carbon and hydrogen atoms (Vo-
Dinh, 1989) while heterocyclic compounds contain nitrogen, sulphur and oxygen. In 
contrast to alky lated PAH that are characterized by varying degrees of substitution, 
parental PAH have no substituents. This study predominantly targets homocyclic species 
but certain characteristics of the substituted compounds will also be addressed. The P AH 
of primary environmental concern range from naphthalene, molecular weight (MW) 128 
to coronene, MW 300 (Neff, 1979). 
The extent to which PAH are altered prior to deposition depends on their physical 
and chemical properties, which generally vary with molecular weight (Afghan and Chau, 
1989). PAH can be divided into kata-annellated and peri-condensed systems. In kata-
annellated PAH, the tertiary carbon atoms are centres of two interlinked rings (e.g. 
anthracene. Figure 1) whereas in peri-condensed PAH some of the tertiary carbon atoms 
are centres of three ir.rerlinked rings (e.g. pyrene Figure 1). The fusion of benzene rings 
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to produce PAH gives rise to a phenomenon known as allnellation (ring fusion) (Clar, 
1964) where some rings give LIp part of their aromaticity to adjacent rings. PAH stability 
is thus dependent on the number of benzcnoid rings within a structure. PAH with shared 
rings have a greater degree of reactivity than PAH with rings that maintain their 
benzenoid structure. For example, anthracene with its linear annellated structure has only 
one benzenoid ring and the mobility of the two pi-electrons is indicated by the direction 
of the arrow in Figure 2. However, if the ring was arranged angularly as for 
phenanthrene, the third ring would now contain three double bonds or six pi-electrons 
which are necessary to form a benzenoid ring (B2). Therefore, phenanthrene molecules 
are more stable than anthracene molecules. PAH reactivity is also affected by varying 
bond lengths and bond localization energies around individual rings (Figure 2 and 3). 
This is highlighted in Figure 2 where the hydrogen of the 9, I 0 double bond in 
phenanthrene undergoes an addition reaction with bromine (B3). This increased reactivity 
of the 9,10 bond in phenanthrene and anthracene and at position I of naphthalene can be 
explained by the electronegativity of these carbons. Structurally, PAH can also be 
described as "altemant" (six membered ring only) and "nonaltemant" (combination of five 
and six membered rings). Since the first ionization potential (the energy required to 
remove an electron from the double-occupied highest occupied molecular orbital) is 
greater for the nonaltemant PAH, it is postulated that these compounds will generally be 
more stable in the natural environment (Zander, 1983). 
The solubility of PAH in aqueolJs environments can have a significant effect on 
their metabolic transformations and on the quantity deposited in bottom sediments. The 
Figure 2. Linear and angular structures of anthracene (A) and phenanthrene 
(B 1). Note the double bond at the 9,10 position of phenanthrene (B2) 
undergoes an addition reaction with bromine (B3). Circle inside the 
ring indicates benzenoid structure (Clar, 1964). 
-e 
-~ 
=:'I 
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Figure 3. Bond localization energies for single sites on the rmgs of 
naphthalene, anthracene, phenanthrene and benz(a)Anthracene. Note 
position I on naphthalene and positions 9,10 on phenanthrene (as 
modified from Zander, 1983). 
1.81 
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high molecular weight and aromaticity of PAH as well as the absence of polar 
substituents give these compounds their hydrophobic properties. These properties together 
with their lipophilic characteristics and low vapour pressure explain why PAH exhibit 
such a strong adsorption affinity for solid surfaces. These compounds thus tend to be 
associated with suspended particulate matter in both atmospheric and aquatic 
environments, especially on lipid-rich particle surfaces. PAH have a wide range of 
solubilities (Table I) and the solubility trends can be summarized as follows (May et aL, 
1978; Readman et aI., 1982; Means and Wijayaratne, 1982; Whitehouse, 1984): 
- water solubility of PAH decreases with increasing molecular weight, 
- linear fused PAH such as naphthalene and anthracene are less soluble than 
angular or pericondensed structures such as phenanthrene and pyrene, 
- alkyl substitutions decreases water solubility, and 
- solubility increases with increasing temperature. 
The vapour pressure of a P AH dictates whether the compou'nd will exi:::1 in the 
particle or gaseous phase. The partitioning between these phases can influence the range 
of compounds deposited in sediments. PAH tightly bound to the partic.ulate phase are less 
likely to be altered during transportation (Korfmacher et aI., 1980; Baek et aI., 1991 a; 
Killops and Massoud, 1992). Temperatme increases result in more particle phase PAH 
in the vapour phase, while temperature decreases result in more vapour phase PAH 
appearing in the particle phase (Yamasaki et aI., 1982; Van Vaeck and Van 
Cauwenberghe, 1985; Lane 1989). Thus, PAH deposition could theoretically be greater 
during colder periods. 
Table 1. Solubility coefficients of low, high and methylated PAR at 25uC (as 
modified from Afghan and Chau, 1989). 
Compound 
Fluorene 
Anthracene 
Phenanthrene 
2-~ethylanthracene 
9-~ethy I phenan threne 
I-methy\phenanthrene 
Fluoranthene 
Pyrene 
9, 1 O-Dimethylanthracene 
Benzo( a)f1 uorene 
Benzo(b)fl uorene 
Benzo(a)anthracene 
Chrysene 
Triphenylene 
Benzo[b]fl uoranthene 
Benzo[j]fl uoranthene 
Benzo[a]pyrene 
Benzo[e]pyrene 
Perylene 
Benzo(ghi)fluoranthene 
Benzo[ghi ]pery lene 
Coronene 
Solubility 
(~g/l) 
800.0 
59.0 
435 .0 
21.3 
261.0 
269.0 
260.0 
133.0 
56.0 
45 .0 
29.6 
11.0 
1.9 
43.0 
2.4 
2.4 
3.8 
2.4 
2.4 
0.5 
0.3 
0.1 
IS 
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1.3 Formation and sources: 
PAR found in recently deposited sediments are derived from a complex mixture 
of diverse natural and anth:-opogenic sourc·es (Table 2) (Youngblood and Blumer, 1975; 
Laflamme and Hites, 1978; Wakeham et aI, 1980ab; Sporstol et aI., 1983; Colombo et nl., 
1989; Kennicutt II et aI., 1991; Lipiatou lind Saliot, 1991; Canton and Grimalt 1992; 
Brown and Maher, 1992; SteinhaL:er and Boehm, 1992). Sedimentary PAH distributions 
show some common features (Table 3). The dominance of 4 and 5-ring PAH (F1, Py, 
BaA, Chy, BeP and BaP), Pa/A ratio between 2 and 6, high Pa/MPa ratio and Fl/Py ratio 
close to unity are usually associated with high temperature combustion of natural sources 
(forest fires) and fossil fuels (Youngblood and Blumer, 1975; Laflamme and Hites, 1978; 
Lake et ai, 1979; Barrick and Prahl, 1987; Killops and Howell, 1988). Common 
characteristics related to petroleur,l are a series of 2 and 3-ring parental and alkylated 
compounds (Na, MNa, Pa, and MPa), low PaiMPa and Fl/Py ratios and an unresolved 
complex mixture (UCM) (Boehm and Farrington, 1984; Socha and Carpenter, 1987; 
Kennicutt II et al., 1991; Kennicutt II et ai., 1992; Volkman et aI., 1992). Individual 
markers such as perylene and retene, which are thought to be formed by the diagenetic 
alteration of biogenic compounds are also typical of recently deposited sediments 
(Wakeham et aI, 1980a; Venkatesan, 1988; Lipiatou and Saliot, 1992). 
The three main proposed mechanisms responsible for the formation of PAH that 
can eventually be deposited in sediments are: 
(1) Biosynthesis. 
(2) Diagenesis of sedimentary organic matter 
Table 2. Summary of natural and anthropogenic sources of PAR and 
industrial and domestic processes that generate and emit PAR. 
Source 
Natural 
Anthropogenic 
Soul'ce Type 
- Volcanoes & 
Geothermal Sources 
- Forest fires 
- Biosynthesis 
- Diagenesis 
- Petroleum seeps 
PI'OCCSS 
- Fossil Fuels - Coal , Petroleum & Wood. 
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- Industrial - Acetylene preparation from natural gas 
- Pyrolysis of kerogen to form benzene 
- Wood pyrolysis to form charcoal, tars. 
- Coke production 
- Gas production from petroleum 
- Coal gasification 
- Production of synthetic alcohol 
- Oil refinery operations 
- AI electrolyte manufacture 
- Domestic heating - Wood stoves, space heating. 
- Incineration - Industrial and domestic wastes 
- Power generation - Fossil fuels 
- Vehicle exhaust emissions 
- Crankcase oil 
- Runoff 
- Sewage outfalls 
Table 3. Characteristic molecular signatures and markers used to identify 
inputs of combustion and petroleum-derived PAH to sediments and 
other depositional environments (Bohem and Farrington, 1984; 
Killops and Howell, 1988; Steinhauer and Boehm, 1992; Canton and 
Grimalt, 1992). UCM ~ Unresolved Complex Mixture. 
Molecular Signature 
Naphthalenes 
Phenanthrene/ 
Anthracene (Pa/A) 
Alkylated/Parental 
L Phenanthrenes 
L Dibenzothiophenes 
L 4,5-ring PAH 
L PAH 
Naphthalenel 
Phenanthren~ ONfP) 
Chrysenel 
Benz(a)anthracene 
Cyclopenta( c,d)pyrene 
PyrenefPerylene 
PyfPeryl 
Retene 
UCM 
Definition 
The naphthalene homologolls series are associated with 
unwc'lthered petroleum and arc rarely found in "clean" 
sediments at detectable levels. 
Low PaJA mlio indicative of combustion 
High (PaJA) indicative of petroleum. 
Alkylated species are ~bundant in petroleum while parental 
arc associated with combustion. 
Sum of the unsubstituted and alkyl-substituted phellanthrenes 
have petroleum, combustion and diagenetic sources but the 
presence of more highly alkylated species is usually 
indicative of petroleum. 
20 
Sum of the unsubstituted three-ring heterocyclic parent and 
alkyl-substituted dibenzothiophene arc distinct compc.:· r;ds of 
many crude oils. 
Dominance of 4,5-ring PAH (Fl, Py, BaA,Chy, BFl, BaP 
BeP) indicates combustion. 
Sum of 2 to 5-ring petrogenic and digenetic PAH when 
used in conjunction with the 4,5-ring parameter, the relative 
contribution of petrogenic and pyrogenic sources can be 
determined. 
The NIP > 
petroleum and 
sediments. 
indicates fresh inputs of phcna'1thrcne 
NIP < I is indicative of clean 
The dominance of chrysene is indicative of petroleum inputs. 
Predominantly vehicular origin 
High Py/Pery ratio indicative of anthropogenic origin, low 
Py/Pery ratio indicative of diagenetic origin 
Thermal degradation of wood resins 
Biodegraded petroleum 
(3) High temperature pyrolysis of organic materials 
1.3.1 Biosynthesis: 
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Extensive discussions exist in the literatu~e regarding the biosynthesis of PAH. 
For example, Bomeffet aI. (1968) claimed that 3,4-benzopyrene, 11, 12-benzofluoranthene, 
l,2,3-indenopyrene, benzo(ghi)perylene, 3,4-benzofluoranthene, 1,2 benzanthracene and 
fluoranthene were produced by the fresh-water algae ChIarella vulgaris. Lima-Zanghi 
(1968) reported the synthesis of benzo(a)pyrene by the anaerobic Clostridium plItride and 
Niaussat et aI. (1970) observed that Bacillus bac/ills synthesised benzo(a)pyrene and 
perylene. However, Hase and Hites (1976) concluded from a series of experiments that 
bacteria do not produce PAH but rather bioaccumulate them from the growth medium. 
Similar observations were reported by Grimmer and Duevel (1970) using more rigorously 
designed experiments. Therefore, it is generally accepted that direct biosynthetic 
contributions to the aqueous and sediment phases are insignificant in comparison to non-
biosynthesized sources. 
1.3.2 Diagenesis of sedimentary organic materials: 
The early diagenesis of sedimentary organic matter can lead to the formation of 
a number ofPAH. Examples of reactions are: diagenetic production of phenanthrene and 
chrysene derivatives from aromatization of pentacycIic triterpenoids originating from 
terrestrial plants, early diagenesis of abietic acids to produce retene, and in-situ generation 
ofperylene from perylene quinones (Youngblood and Blumer, 1975; Laflamme and Hites, 
1978; Wakeham et aI., 1980b; Tan and Heit, 1981 ; Simoneit and Mazurek, 1982; Tissier 
and Saliot, 1983; Venkatesan, 1988; Lipiatou and Saliot, 1992). Perylene and retene are 
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the two most prominent diagenetio:: PAH found in recently deposited sediments (Colombo 
et aI., 1989). The origin of perylene has been linked to terrestrial precursors (4,9-
dihydroxyperylene-3,10-quinone, the possible candidate), marine precursors and 
anthropogenic inputs (Blumer, 1977; Laflamme and Hites, 1978; Prahl and Carpenter, 
1979~ Venkatesan and Kaplan, 1982; Tissier and Saliot, 1983; Venkatesan, 1988; 
Colombo et al., 1989; Lipiatou and Saliot, 1991). The diagenetic pathway for retene is 
well constrained (Figure 4), (Wakeham et al., 1980b; Lipiatou and Saliot, 1992) but it can 
also be produced from wood combustion (Ramdahl, 1983a). 
Further diagenesis and catagenesis of sedimentary organic matter results eventually 
in the formation of petroleum. PAH formation during oil generation is attributed to both 
the aromatization of multi-ring biological compounds (e.g., sterols) and to the fusion of 
smaller hydrocarbon fragments into new aromatic structures (Radke, 1987). Steroids are 
probably the most well understood in terms of biological origin and geological fate, and 
a simplification of the proposed pathways of sterol diagenesis and catagenesis is 
summarized in Figure S (Mackenzie, 1984). Crude oils, usually formed at temperatures 
below IS0aC have a predominance of substituted over parental PAH. 
1.3.3 High temperature pyrolysis of organic material: 
PAH are predominantly the by-products of incomplete combustion (Le., pyrolysis) 
of organic material. The mechanisms by which these processes occur are complex and 
have been widely studied over the last 30 years (8adg/Jr et aI., 1964; Crittenden and 
Long, 1976; Schmeltz and Hoffman, 1976; Howard and Longwell, 1983 ~ Colket and Hall, 
1992). Synthesis is generally believed to occur through a free radical pathway wherein 
Figure 4. The proposed hypothetical degradation scheme of abietic acid leading 
to the formation of retene (modified from Wakeham et aI., 1980a). 
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Figure 5. Simplified reaction scheme to show the conversion of a sterol (1) to 
various aromatic hydrocarbons during diagenesis. M implies that the 
reaction occurs in more than one step and R represents aromatization 
of the A ring while L represents aromatization of the Bring. 
Compounds II, V and VI appear during diagenesis but are further 
aromatized to triaromatic steroids ( modified from Mackenzie, 1984). 
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radicals of various molecular weights can combine to yield a senes of different 
hydrocarbon products. Therefore, the formation of PAH is thought to occur in two 
distinct reaction steps: pyrolysis and pyrosynthesis (Lee et aI., 1981). In pyrolysis, 
organic compounds are partially cracked to smaller unstable molecules at high 
temperatures. This is followed by pyrosynthesis or fusion of fragments into larger and 
relatively more stable aromatic structures. Badger et al. (1960) was the first to propose 
this stepwise synthesis using BaP (Figure 6). Compounds identified in studies by 
Crittenden and Long (1976) suggest that the C~ species react to form C4, C6 and C8 
species, and confirmed the mechanisms proposed by Badger et al. (1960~ Figure 6). 
Despite the large quantities of different PAH formed during primary reactions, only a 
limited number enter the environment. This is because initially-formed PAH themselves 
can be destroyed during combustion as a result of secondary reactions that lead to the 
formation of either higher condensed structures or oxidized carbon (Schmeltz and 
Hoffman, 1976). For example, the pyrolysis of naphthalene can yield a range of higher 
molecular weight species such as perylene and the benzofluoranthenes, possibly as a result 
. of cyclodehydrogenation of the binaphthyls (e.g., Figure 7~ Lang et aI., 1963). This may 
be particularly important for compounds that are deposited on the walls of open fireplaces 
along with soot particulates close to the hot zone of the flame. 
While the aromaticity of the combustion material can influence P AH emission 
(Hangebrauck et aI., 1967; Gross, 1974), combustion characteristics such as temperature 
and fuel to air ratio are considered to be the most important factors contributing to PAH 
yield (Begeman and Burgan, 1970; Jensen and Hites, 1983~ Fangmark et aI., 1993). 
Figure 6. Stepwise reaction scheme proposed by Badger et al. (1964) to 
account for PAR formation. In this particular example, 
benzo(a)pyrene (7) is formed as a result of a recombination of free 
radicals starting with acetylene (I). Compound (2) is a four carbon 
unit such as vinylacetylene or 1,3~butadiene and species (3) is styrene 
or ethylbenzene (Crittenden and Long 1976). 
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Figure 7. Examples of some higher molecular weight PAH produced as a 
result of secondary reactions of naphthalene during pyrolysis. 
Perylene and the benzofluoranthenes are thought to be formed from 
the cyclodehydrogenation of the intermediate binaphthyls (modified 
from Lang et aI., 1963). 
Binaphthyls 
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Secondary combustion reactions 
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Ma.ximum yields ofPAH ranging in molecular weight from naphthalene to coronene. were 
produced during the combustion of hydrocarbons at 7S0"C, decreasing at higher and lower 
temperatures (Commins, 1969). High temperature combustion tends to favour the simpler 
unsubstituted 4 and 5-ring aromatics (e.g., fluoranthene and pyrene) whereas lower 
temperatures of 1 SO - 2000 preserve a greater degree of alkylation (e.g., methylated 
naphthalenes)(Neff, 1979). This observation is consistent with the abundance of highly 
alkylated PAH assemblages observed in crude oils. Open flame temperatures (200-S00"C) 
favour significant quantities of both parental and substituted PAH. The fact that lower 
temperatures tend to favour the more alkylated PAH, suggests that these compounds may 
be possible precursors to their corresponding non-alkylated analogues. It is generally 
accepted that as fuel:air ratios increase, the concentration of 4 and 5-ring PAH also 
increases (Fangmark et aI., 1993), while the concentration of higher molecular weight 
compounds decreases since the temperatures are below the optimum required for 
formation of these compounds (Commins, 1969; Guerin, 1979; Uthe, 1991). The 
composition of unsubstituted PAH produced during pyrolysis at defined temperatures 
appears to be independent of the type of combustion material (Laflamme and Hites, 1978 ; 
Lake et aI. , 1979; Grimmer et aI ., 1983a). 
In general, all organic compounds containing carbon and hydrogen may serve as 
precursors of PAR during combustion (Neff, 1979; Lee et al., 1981). However, 
carbohydrates (highly oxidized) are relatively poor PAH precursors compared to more 
highly reduced compounds, such as lipids, especially paraffinic waxes (Neff, 1979). 
Other precursors such as lignin and cellulose also produce PAH during combustion 
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(Liverovskii et aI., J 972; Maja, 1986). Schmeltz and Hoffmann (1976) reported that 
sterols were excellent precursors for Na, A, Pa, Chy and BaP. Combustion of petroleum 
aromatic hydrocarbons produce similar variation in yields of PAR (Brunnemann and 
Hoffmann, 1976) while aliphatic hydrocarbons were determined to be relatively poor PAR 
precursors. 
Other important potential sources of PAH identified in sedimentary environments 
are asphalt, tire and brake wear and crankcase oils (Wakeham et al, 19S0a; Spies et aI., 
1987; Broman et aI, 1988; Takada et aI., 1990; Latimer et aI., 1990). 
1.4 Pathways and sinks: 
PAH enter coastal and estuarine environments directly or indirectly from: 
(I) Domestic and industrial effluents and urban runoff 
(2) Deposition of airborne particulates, and 
(3) Direct spillage of petroleum and petroleum products 
1.4.1 Domestic and industrial effluents and urban runoff: 
PAH in domestic sewage are predominantly a mixture of aerially deposited 
compounds produced from domestic fuel combustion and industrial and vehicle emissions, 
combined with PAR from road surfaces that have been flushed into sewage systems (Wild 
and Jones, 1993). Road surface PAR are derived primarily from crankcase oil, asphaIt 
and tire and brake wear (Wakeham et ai, 1980a; Ostman and Colmsjo, 1988~ Broman et 
al. , 1988; Takada et aI., 1990). Some PAH are removed from sewage during treatment~ 
for example, studies by Petrasek et al . ( 1983) showed that a mean of 64% total PAH was 
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removed from sewage effluents by primary treatment (sedimentation). Not all urban 
runoff enters the sewer system and even some sewer designs allow runoff to be 
independently discharged to aql.:atic systems without primary treatment. The quantity of 
runoff from an Uiban environment is generally governed by the fraction of paved area 
within a catchment and the aUlwal precipitation. During periods of continued rainfall. 
road surfaces are continually washed and the contributions of PAH to watersheds are 
generally low. However, significant episodic contributions to aquatic systems can occur 
after prolonged dry periods or during spring snow melt (Hoffman· et a!., 1985; Pham, 
1993). 
The distribution and quantity of PAH in industrial effluents depends on the nature 
of the operation and on the degree of treatment prior to discharge. In some urban areas, 
industrial effluents are combined with domestic effluents prior to treatment or they are 
independently treated before being discharged to sewer systems. 
1.4.2 Deposition of airborne particulates: 
It is generally accepted that virtually all PAH emitted to the atmosphere are 
associated with airborne particulates (Suess, 1976; Mc Veety and Hites, 1988; Baek et aI., 
1991ab). PAH are initially generated in the gas phase, and then as the vapour cools, they 
are adsorbed onto particulates (Van Vaeck and Van Cauwenberghe, 1985). The highest 
concentrations of PAH in airborne particulates occurs in the less than 5 J.lm particle size 
range (Pierce and Katz, 1975; Vaeck et aI., 1979; Van Cauwenberghe, 1983~ Sicre et aI., 
1987). PAH distribution between the gas and particulate phase is generally influenced 
by the following factors: vapour pressure as a function of ambient temperature, 
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availability of fine particulate material and the affinity of individual PAH for the 
particulate organic matrix (Van Vaeck et a!., 1979; Yamasaki et al ., 1982; Tuominen et 
ai., 1988; Coutant et aI., 1988; Baek et aI., 1991b). Atmospheric concentrations ofPAH 
are normally high in winter and low during the summer months (Pierce and Katz, 1975; 
Gordon, 1976; Brun et ai., 1991). These variations are mainly attributed to increased 
rates of photochemical activity during the summer and increased consumption of fossil 
fuels during the winter period. Residence times of particulate PAH in the atmosphere and 
their dispersal by wind are determined predominantly by particle size, atmospheric physics 
and meteorological conditions. The main processes governing the deposition of airborne 
PAH include wet and dr., deposition and to a smaller extent, vapour phase deposition onto 
surfaces. Particles between 5-10 ).lm are generally removed rapidly by sedimentation and 
by wet and dry deposition (Baek et aI., 1991ab). 'However, PAH associated with fine 
particulates (2-3 /lm) can remain suspended in the atmosphere for a sufficiently long time 
to allow dispersal over hundreds or thousands of kilometres (McVeety and Hites, 1988; 
Baek et aI., 1991 a). Fine particles are also known not to be efficiently removed by wet 
deposition (Grover et aI., 1977), The concentration of PAH in persistent atmospheric 
particulate matter may be reduced by the desorption of some of the constituents from the 
particle to the gas phase, the so called "aerodynamic dilution" effect (De Wiest and Della-
Fiorentina, 1975). The PAR signature and concentrations of the most persistent fraction 
can also be altered by the ch,~mical reactions described in section 1.5.1. 
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1.4.3 Spillage of petroleum and petroleum products: 
PAH from petroleum and petroleum products can enter aquatic systems directly 
by spillage, accidental release and natural oil seeps, or indirectly through Sl!wers, urban 
and highway run-off. Although PAH only constitute a sma!; rraction of known petroleum 
hydrocarbons, the National Research Council (1985) estimated that between 1.7-8.8 
million tons of petroleum hydrocarbons are entering the marine environment annually. 
Crankcase oils or used engine lubricating oils are an important source of PAH in urban 
environments and have been shown to contain elevated levels of rAIl The world 
production of crankcase oil is estimated to be approximately 40 million tons per annum 
and 4.4% of that is estimated to reach aquatic environments (GESAMP, 1993). As well 
as combustion-derived PAH, crankcase oil also consists of PAH from uncombusted fuel 
(PrueH and Quinn, 1988; Vazquez-Duhalt, 1989). 
Worldwide annual inputs of PAH to coastal and estuarine environments are very 
difficult to estimate due to the diffuse nature of the potential sources described. Once 
P AH enter aquatic environments they become rapidly associated with particulate matter 
and are deposited in bottom seiiments (Gearing et aI., 1980). Physical factors, such as 
turbulence, deep water currents, surface waves and upwelling influence the length of time 
they remain suspended in the water column. The rate at which PAH are incorporated into 
bottom sediments is controlled by sedimentation rate, bioturbation and bottom sediment-
water column exchanges (Officer and Lynch, 1989; Kirso et ai ., 1990; Santschi et aI., 
1990). 
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1.5 Physical, chemical and biological transformations: 
The degree and type of PAH incorporated in bottom sediments as particulates 
depends not only on the nature and magnitude of various source contributions, but also 
on the susceptibility of the PAH to various physical, chemical and microbial degradation 
reactions. If these reactions alter molecular signatures or involve isotopic fractionation 
they may complicate efforts to apportion sources ofPAH in ;;.~.vironmental samples. The 
following section outlines the potential reactions PAH may undergo in atmospheric and 
aqueous environments prior to eventual deposition in bottom sediments. 
1.5.1 Physical and chemical transformations: 
Laboratory experiments have shown that PAH are photoreactive in the atmosphere 
(Zafiriou, 1977; Butler and Crossley, 1981; Atkinson, 1990; Bunce and Dryfuollt, 1992) 
and in the photic zone of the water column (Zepp and Scholtzhauer, 1979; Payne and 
Phillips, 1985; Paalme et al., 1990; Ehrhardt et aI., 1992). PAH are also degraded by 
reactions with oxygen, ozone, nitrogen and sulphur producing oxygenated, nitro and 
sulphur containing compounds including carcinogenic qui nones (Butler and Crossley, 
1981; Atkinson and Aschmann, 1984; Arey et ai., 1986; Nielsen and Ramdahl, 1986). 
The reactivity of PAH under in-situ atmospheric conditions is difficult to predict from 
laboratory experiments. However, there is potential for chemical transformation of PAH 
by gas-particle interactions in emission plumes, exhaust systems or during atmospheric 
transport, particularly in more polluted urban environments. Photochemical 
transformations are generally considered to be the most important mode of atmospheric 
decomposition of PAH in both the particle and gaseous phases (Masclet et aI., 1986; 
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Kamens et aI., 1990; Bunce and Dryfuout, 1992). The existence of PAH oxidation 
products in atmospheric particulate matter, indicates that PAH react with oxygen or ozone 
(singlet molecular oxygen) in the atmosphere (Khan et aI., 1967; Pitts et aI., 1969). Since 
singlet molecular oxygen is not produced by the direct adsorption of sunlight and the 
oxygen produced from the photolysis of ozone has a short Iife\: ime (0.57 sec) in the 
atmosphere, it is expected to have an insignificant role in the atmc;spheric decomposition 
of PAR (Lane, 1989). Atmospheric reactions of PAH with sulphur and nitrogen are also 
expected to be negligible. Butler and Crossley (1981) and Grosjean et al. (19~3) have 
shown that S02 appears to be totally unreactive with PAR at concentrations typical of 
those found in the atmosphere of a polluted city even after 99 days of exposure. The 
reaction of hydroxyl radicals (OH) with organic molecules during daylight conditions is 
considered to be the major reaction of these molecules leading to their removal from the 
atmosphere (Nielsen, 1984; Atkinson, 1990). There is great variation in the reported half-
lives of various PAH due to photolysis, largely because of the differences in the nature 
of the substrate on which the P AH are adsorbed and the degree to which they are bound 
. (Valerio and Lazzarotto, 1985; Behymer and Hites, 1988; Coutant et aI., 1988; Paalme 
et aI., 1990). For example, Korfmacher et al. (1980) reported greater stability for PAH 
adsorbed on coal fly-ash than for pure or dissolved forms, as well as for those adsorbed 
on silica gel, alumina or coated on glass surfaces. Several studies have concluded that 
the carbon content and the colour of substrates are important factors in controlling PAH 
reactivity (Kamens et aI, 1986; Behymer and Hites, 1988; Wortham et al ., 1993). The 
suppression of photochemical degradation of PAH adsorbed on soot and fly-ash has been 
tentatively attributed to physical factors , such as particle size and colour. Darker 
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substrates absorb more light and thereby protect PAH from photolytic degradation 
reactions (Behymer and Hites, 1988). Transition metal ions present on particle surfaces 
can stabilize the ground state or quench the excited state of PAH, and may also be 
important in protE;cting reactive compounds (Korfmacher et aI., 1980; Van Cauwenberghe. 
1983; Dunstan et aI., 1989). 
Photooxidation by singlet oxygen appears to be the dominant chemical degradation 
process of PAH in aquatic systems (Lee et ai., 1978; Hinga, 1984; Payne and Phillips, 
1985). The degree to which PAH are oxidised in an aqueous system depends on PAH 
type and structure, water column characteristics (such as oxygen availability), temperature 
and depth of light penetration. and residence time in the photic zone (Payne and Phillips, 
1985; Paalme et aI., 1990). Paalme et ai. (1990) have shown that the rate of 
photochemical degradation of different PAH in aqueous solutions can differ by a factor 
of> 140 depending on their chemical structure, with perylene, benzo(b)fluoranthene and 
coronene showing the greater stability. Alkyl PAH are reported tO 'be more sensitive to 
photooxidation reactions than parental PAH (Radding et ai., 1976; Ehrhardt et al., 1992). 
This preferential degradation is most likely due to benzyl hydrogen activation (Ehrhardt 
and Petrick, 1984; Rontani et al., 1987). Payne and Phillips. (1985) reported that 
benz(a)anthracene and benzo(a)pyrene are photolytically degraded 2.7 times faster in 
summer than in winter. Once deposited in sediments, photoxidation reactions are 
generally significantly reduced due to the presence of more anoxic conditions and limited 
light penetration (Mille et aI., 1988). PAH residence time in sediments depends on the 
extent of physical, chemical and biological reactions occurririg at the sediment-water 
interface, as well as the intensity of bottom currents (Hinga, 1984). 
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Finally, volatilization also plays a key role in the environmental persistence of 
PAH (Hallett and Brecher, 1984). Volatilization rates decrease by a factor of 3~lO with 
each additional benzene ring. With the exception of Na, the rates of photolysis of 
dissolved PAH are higher than the rates of volatilization, although once bound to 
particulates, the effects of these two processes is rendered negligible. 
1.5.2 Biodegradation: 
PAH in the atmosphere and open waters may undergo volatilization and 
photodecomposition, but microbial degradation is believed to be the dominant sink below 
the photic zone. Microbial degradation has also been recognized as the most prominent 
mechanism for removing PAH from contaminated environments (Bossert et aI., 1984). 
Microbial adaptations may result from chronic exposure to elevated concentrations as 
shoW!! by the higher biodegradation rates in PAH-contaminated sediments than in pristine 
environments (Shiaris, 1989). Nevertheless, it is also known that preferential degradation 
of PAR will not occur in contaminated environments where there are more accessible 
forms of carbon (Shiaris, 1989). A summary of the turnover times for naphthalene, 
phenanthrene and BaP in water and sediment is shown in Table 4. 
The ability of microorganisms to degrade fused aromatic rings is determined by 
their combined enzymatic capability which can be affected by several environmental 
factors (McElroy et al., 1985; Cerniglia and Heitkamp. 1989; Cerniglia, 1991). The most 
rapid biodegradation of PAR occurs at the water/sediment interface (Shiaris, 1989; 
Cerniglia, 1991) and no degradation was detected by Mille et al. (1988) in suboxic 
conditions (dissolved oxygen, 0.2-0.3 ppm and redox potential between 180-200 mv). 
Prokaryotic microorganisms r.:etabolize PAH by an initial dioxygenase attack to 
Table 4. Summary of the estimated turnover times (days) of naphthalene, 
phenanthrene and benzo(a)pyrene in water, sediments and soils at 
various temperatures (Shiaris, 1989). 
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PAH and Temp Time RefeJ'ence 
Envinmment °C (days) 
Naphthalene: 
Estuarine water 13 500 Lee & Ryan (1976) 
Estuarine water 24 30-79 Lee & Ryan (1976) 
Estuarine water 10 1-30 Readmal1 et aI. (/982) 
Seawater 24 330 Lee & Ryan (1976) 
Seawater 12 15-800 Lee & Anderson (/977) 
Estuarine sediment 25 21 Baller & Capone (1985) 
Estuarine sediment 287 Pnw/J & QUinn (/985) 
Estuarine sediment 22 34 Heilkemp & Cerniglia (/987) 
Estuarine sediment 30 15-20 Ham brick et al. (/980) 
Estuarin.:: sediment 2-22 13-20 Shiaris (/989) 
Stream sediment 12 >42 Herbes & Schwall (1978) 
Stream sediment 12 0.3 Herbes & Schwall (/978) 
Reservoir sediment 22 62 Heitkamp & Cemiglla (1987) 
Reservoir sediment 22 45 Heilkcullp & Cerniglia (/987) 
Phenantlmme: 
Estuarine sediment 25 56 Heitkcunp & Cerniglia (19H7) 
Estuarine sediment 2-22 8-20 Shiaris (/989) 
Reservoir sediment 22 252 Heilkamp & Cerniglia (/987) 
Reservoir sediment 22 112 Heitkamp & Cl!miglia (1987) 
Sludge-treated soil 20 282 Bossert I!t al. (198-1) 
Benzo(a)pyrene: 
Estuarine water 10 2-9000 Readman et 01. (/982) 
Estuarine sediment 22 >2800 Heitkamp & Cl!miglia (1987) 
Estuarine sediment 2-22 54-82 Shlaris (1989) 
Stream sediment 12 >20800 Herbes & Schwall (1978) 
Stream sediment 12 >1250 Herbes & Schwall (/978) 
Reservoir sediment 22 >4200 Heitkamp & Cerniglia (1987) 
Sludge-treated soil 20 >2900 Bossert et al. (1984) 
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yield cis-dihydrodiols and finally catechol (Figure 8). Biodegradation and utilization of 
lower molecular weight PAH by a diverse group of bacteria. fungi and algae has been 
demonstrated (Table 5; Cerniglia and Heitkamp. 1989). The degradation pathways of 
higher molecular weight PAH, such as pyrene, benzo(e)pyrene and benzo(a)pyrene are 
less well understood, but since these compounds are more resistant to microbial 
degradation processes, they tend to persist in contaminated environments. However, the 
degradation of f)uoranthene, pyrene and benzo(a)pyrene has been reported in laboratory 
conditions (Barnsley, 1983; Wesseinfelds et aI., 1990; Mueller et al ., 1988). and Mueller 
et al. (1990) have isolated a Pseudomonas species (Pseudomonas paucimobilus) that is 
capable of degrading and utilizing fluoranthene as a sole carbon source. It is generally 
recognised that PAH with three or more condensed rings do not normally serve as 
substrates for microbial growth, but may be the subject of cometabolic transformations. 
CometaboJic reactions of pyrene, 1,2 benzanthracene, 3,4 benzopyrene and phenanthrene 
can be stimulated in the presence of either naphthalene or phenanthrene (Bauer and 
Capone, 1988; Smith et al., 1991). Nevertheless, the degradation of PAH by cometabolic 
reactions is expected to be insignificant because of the extremely slow rates of these 
reactions in natural ecosystems (Smith, 1990). In addition to cometabolism, \)acterial 
inhibition in the presence of compound mixtures was also shown to occur (McCarty et 
aI., 1984; Smith et al., 1991). Elevated temperatures increase the rate of 
biotransformation reactions in vitro, for example, laboratory studies have sholNIl a 50% 
loss of phena.lthrene after 180 days at 8°C in water compared to 75% loss in 28 days at 
25°C (Sherrill and Sayler. 1981; Lee, 1981). Based on these observations, 
Figure 8. Typical dioxygenase (bacteril'l) mediated oxidation of PAH by 
microorganisms leading 10 the formation of Cis-Dihydrodiol and 
Catechol, respectively (modified from Cerniglia and Heitkamp, 1989). 
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Table 5. Summary of bacterial and fungal species capable of oxidizing and 
utilizing some low and high molecular weight PAH. 
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Organism Substrate Reference 
Pseudomonas sp. Naphthalene Davies and Evans (1964) 
Jeffrey et a1. (1975) 
Barnsley (1975) 
Phenanthrene Jerina et a1. (1976) 
Evans et aI . (1977) 
Barnsley (1983) 
Anthracene Jerina et aI. (1976) 
FI uoranthene Mueller et aI. (1990) 
Weissenfels et aI . (1990) 
Pyrene Barnsely (1983) 
Weissenfels et aI. (1990) 
Flavobacteria sp. Phenanthrene Colla et aI. (1959) 
Anthracene Colla et aI. (1959) 
Alcaligenes sp. Phenanthrene Kiyohara et aI . (1982) 
Aeromonas sp. Naphthalene Kiyohara & Nagao (1978) 
Phenanthrene Kiyohara et aI . (1982) 
Beijerenckia sp. Phenanthrene Jerina et aI. (1976) 
Anthracene Jerina et a!. (1976) 
Benz( a)anthracene Gibson et aI. (1976) 
Benzo(a)pyrene Gibson et al. (19'76) 
Bacillus sp. Naphthalene Cerniglia (1984) 
Clinninghamella sp. Naphthalene Cerniglia (1978) 
Phenanthrene Cerniglia & Yang (1984) 
Benzo( a)pyrene Cerniglia & Gibson (1979) 
Micrococcus sp. Phenanthrene Ghosh & Mishra (1983) 
Mycobacterium sp. Phenanthrene Guerin and Jones (1988) 
Phenanthrene Boldrin et aI . (1993) 
Fluorene Boldrin et al. (1993) 
Fluoranthene Boldrin et aI . (1993) 
Pyrene Boldrin et aI. (1993) 
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biodegradation rates of PAH are likely to be low in sediments of the cold-water systems 
under investigation. 
The isotopic signature imparted on individual PAR during formation is determined 
by both the isotopic composition of the original precursor material and by the formation 
conditions. Since these two factors can vary widely, the potential exists for PAH 
produced from different sources and from a variety of processes to have characteristic 
isotopic signatures. Isotopic characterization of bulk organic and aromatic fractions has 
ceen performed for many years (e.g. Deines, 1980; Sofer, 1984; Conkright, 1989) but it 
is only in recent years, with the introduction of GC/CIIRMS that isotopic characterization 
of individual organic compounds has been attempted. Before the present work, isotopic 
characterization of individual PAH had not been conducted on extracts from 
environmental samples. Nevertheless, Freeman (1991) analyzed individual aromatic 
compounds in an ancient system (Eocene Messel Shale) and demonstrated the general 
tendency of aromatic compounds to be consistently enriched in 1JC compared to the 
aliphatic fraction. This pattern is consistent with diagenetic effects associated with 
aromatization of geolipids (Stahl, 1980; Sofer 1984; Conkright, 1989). Several examples 
of diagenetically produced PAH (substituted Pa, Chy, retene and perylene) have been 
reported, mainly from the aromatization of natural products such a'5 pentacyc1ic 
triterpenoids (Wakeham et al., 1980b, Tan and Heit, 1981; Mackenzie, 1984). The 
1 013C = 1000(R/Rstd - 1) Eq. 1 
where R represents the abund:mce ratio of I3C/12C and the subscripts s and POB refer 
to sample and standard Pee Dee Belemnite, respectively. 
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aromatization of natural compounds to produce PAH is not expected to result in 
significant isotopic alterations. This contention is supported by the successful use of 
compound-specific carbon isotope signatures to trace precursor-product relationships in 
diagenetic systems (e.g., Hayes et al., 1989; Freeman, 1991). It is notable, however, that 
the range of BDC values to be expected from potential precursors (e.g., triterpenoids) 
remains to be fully defined at present. 
Prior to the present work, the only isotopic values reported for individual PAR 
were from crude petroleum extract:>. Chung (1992) recently reported a 7.9 and 7.0°/00 
depletion in two methylated naphthalene homologues compared to their corresponding 
parental compound which had a BI3C value of -29.2°/~;,. Isotopic values for 
tetrahydronaphthalene (-34.1°/00 ) and decahydronaphthalene (-49.9°/00) were also reported. 
These values are inconsistent with the common presumption of increasing enrichment in 
13C with increased aromatization. The BllC depleted isotopic values observed in these 
petroleum-associated PAR may be dictated by the similarly depleted nature of the 
precursor compounds. However, unlike Chung, Clayton (1992) found identical BI3e 
values for phenanthrenes and methylated phenanthrene isomers isolated from a suite of 
four North Sea oils. .tlresently, published BIle values of petroleum-associated PAH are 
limited (see above), and it is more than likely that further analysis will reveal more 
variations that would reflect the isotopic composition of precursor compounds and the 
nature and degree of diagenetic reactions. 
The specific mechanisms governing the isotopic signatures of individual 
combustion-PAR are poorly understood. It is expected that the combustion of isotopically 
distinct materials would result in PAH with different isotopic signatures. Although the 
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specific isotopic values of PAH during combustion have not been studied, laboratory 
combustion studies have shown that temperature dependent carbon isotope fractionations 
occur between 400-500oe (Sackett, 1978; Ameth and Matzigkeit, 1986ab), Holt and 
Abrajano (1991) also observed using stepped combustion analysis that alteration of 
original compone:1ts at low temperatures may result in products having an isotopic value 
which does not reflect the nature of the original source. Due to the nature of PAH 
formation pathways previously discussed, the B\3e of combustion-derived compounds may 
be dictated by a series of primary and secondary reactions that initial and intermediate 
precursors undergo prior to the formation of the final P AH. The isotopic effects 
associated with ring cleavage reactions of intermediate precursors (low molecular weight 
compounds) may result in 13C enriched higher molecular weight species formed by the 
fusion of these reduced species. Variations in the BI3e of the higher molecular weight 
condensed compounds may therefore depend on the BI3e of the precursor radical. In the 
absence of pyrosynthetic recombination reactions, combustion produced PAH isotopic 
compositions are largely dictated by those of the original precursor compounds. Finally, 
alkylation or dealkylation reactions at specific sites of a parent molecule will alter the 
isotopic composition of that compound only to the extent that the alkyl branch is 
isotopically different from the substrate P AH. 
Once PAH are emitted to the environment, the extent of alteration of the isotopic 
signature during transformation reactions depends on the nature of the carbon branching 
pathways involved in the reaction. Isotopic fractionation as a result of kinetic mass-
dependent reactions (volatilization or diffusion) are unlikely to be significant because the 
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diff;;rences in the translational v(~locities between the light and heavy carbon in these high 
molecular weight compounds are small. Substitution reactions, resulting in the 
maintenance of ring aromaticity are also anticipated not to significantly alter the isotopic 
signature of the substrate molecule, although it is possible that the ex.tent of substitution 
could result in isotope effects. 
1.7 Field sites: 
St. John's Harbour and Conception Bay are situated, respectively, on the north east 
and north coast of the Avalon Peninsula, Newfoundland (Figure 9). The location and 
characteristics of these study areas are ideal for the present study, because: 
(I) Previous studies of St. John's Harbour sediments (Payne, pers. comm.) revealed 
elevated PAH levels surpassed only by the Sydney Harbour (Nova Scotia) in the whole 
of Canada. St. John's Harbour is a repository of all major outputs of watersheds from the 
city area, and is an important shipping port in eastern Canada. Conception Bay, in 
contrast is situated away from major urban developments. 
(2) Both sites are characterized as cold ocean systems where temperatures are 
conducive to the preservation of original PAH signatures. 
(3) Meteorological conditions, with mean annual rainfall of 1157 mm, favour rapid 
deposition of atmospheric PAH without extensive alteration and frequent inputs due to 
urban runoff. Also, low temperatures (mean annual max 9°C, min -1°C) and low mean 
annual sunshine hours (1497) also serves to limit PAH degradation rates in transit to sediment. 
Figure 9. Location of field sites, St. John's Harbour and Conception Bay, 
Newfoundland, which were used as "model" study sites in the present 
study_ 
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St John's Harbour has a small basin approximately 2 km long, 0.4-0.6 km wid~ 
and is surrounded by steeply rising topography except at the western end. The depth of 
the basin varies between a maximum of 30 m and a sill depth of 14 m at the entrance. 
The approach is approximately I km long, from 0.1 to 0.3 km wide and does not 
significantly obstruct shallow water exchange with the open ocean. The Harbour has 
served the city of St. John's as an important shipping route and raw sewage disposal site 
since its inception back in the 1500's. The location of freshwater and sewage inputs are 
shown in Figure 10 with a mean input of raw sewage being approximately 82,000 m) per 
year (Newfoundland Design Associates Ltd., 1987-1988). The sewer system in the older 
parts of the city, in the immediate vicinity of the Harbour allows for the co-disposal of 
storm sewer and sewage effluents. Urban development, consisting mainly of residential 
and commercial properties, is concentrated on the north side of the Harbour. 
Sediments and organic matter are primarily d~rived from raw sewage inputs, urban 
runoff, riverine inputs and snow dumping. The potential primary PAH sources identified 
in the watershed are fireplace and heating stove wood combustion, domestic heating 
furnaces, vehicle exhaust emi~;sions, petroleum spillage, crankcase oil, asphalt, tire and 
brake wear. The pathways (e.g., secondary source contributions) by which these primary 
sources reach the estuarine sediments are largely the same as the sediments themselves, 
although they may be augmented to varying degrees by direct disch :> rges (e.g., from 
shipping) as well as wet and dry aerial deposition. Existing road clearing practices 
indicate that roadside snow may be an important medium for concentrating various PAH 
prior to deposition. 
Figure 10. Location of sampling sites and sewage and freshwater discharges to 
St. John's Harbour. 
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Water column characteristics are varied with mean summer temperatures ranging 
between 7-11 °C and depletions in dissolved oxygen concentrations of up to 70% have 
been recorded at a number of sites at depths of 10 to 12 metres. It has been suggested 
that the assimilative capacity (ability to degrade organic matter) of the water column has 
been reached in the Harbour (Newfoundland Design Ltd., 1987-1988), and this is expected 
to enhance the preservation of PAH in the water column and sediments. 
Conception Bay, is approximately 1440 km2 in size and is surrounded on three 
sides by undulating sparsely populated terrain. The Bay is characterized by a central deep 
sill where depths approach 300 m and a 170 m deep sill at the mouth of the bay (Ostrom, 
1992). Approximately twelve small freshwater rivers and tributaries drain into the Bay 
carrying various concentrations of organic and inorganic substances that are dominated 
by degradation products of terrestrial vegetation . From a reconnaissance study, a number 
of local anthropogenic point sources that can contribute to the pollution burden of the Bay 
have been identified. The most prominent potential point source is an oii-fired power 
generating station on the southern tip of the Bay, which utilizes Bufiker C fuel for power 
generation. Frequent sooting out practices may result in the release of PAH-rich soot 
materials, and under suitable atmospheric and meteorological conditions, these could 
eventually be deposited in the sediments. Other potential pomt sources are two small 
petrol storage facilities on the southern and western sides of the Bay. These sources 
together with highway runoff, sewage, out-board boat motors and atmospheric deposition 
(e.g., wood burning) are the likely contributors of PAH to the Bay. 
The most notable water column activity is the development of a spnng 
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phytoplankton bloom in May normally terminated by thermal stratification and a weakt!r 
fall bloom in September. Unlike St. John's Harbour, the year round deep water 
temperature in Conception Bay ranges between -1 .5 and O°C which may be too low to 
support substantial microbial activity (Pomeroy et aI. , J 991). Significant preservation of 
PAH and other organic material in the sediments may therefore be expected. 
1.8 Study summary: 
Since the precision and accuracy of CSIA measurements could depend on the 
purity and yield of th(! sample, this study initially concentrated on the adoption of 
effective e;~traction and purification methods for the isolation of PAH from environmental 
samples. The suitability of these methodologies was then asse$sed by spiking 
exhaustively extracted sediments with pure PAH standards and evaluating the carbon 
isctope signature of the individual compounds before and after sample processing. 
Accuracy aod preClSlOn of CSIA measurements, usmg numerous repeat analysis of 
standard PAH mixture and fidd sampies were determined. Isotopic effects during 
. evaporation, photolytic decomposition and microbial alteration were experimentally 
assessed using standard compounds in in-vitro studies. Finally, the potential of CSIA for 
tracing PAH sources was evaluated by comparing the molecular and isotopic signatures 
of prominent primary and secondary sources to those isolated from St. John's Harbour and 
Conception Bay 5ediments. 
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2.0 EXPERIMENTAL METHODS 
2.1 Principle of operation of the GC/C/IRMS. 
The earliest development of a gas chromatographic (GC) interface to an isotope-
ratic mass spectrometer (IRMS) can lJe attributed to Sano et al. (I 976). The initial 
system design was improved upon by Matthews and Hayes (1978) who reported better 
sensitivity and measurement precision. Further instrumental developments, capabilities 
and limitations have been discussed in detail elsewhere (Barrie et al., 1984; Freedm,m 
et al., \988; Hayes et al., 1989; Eakin et al., 1992; Goodman and Brenna, 1992). An 
example of the instrument configuration used in the present work (Isochrom series II, 
developed by VG Isogas) is shown in Figure 11. Individual components of an organic 
mixture are separated using a capillary column. As the individual components emerge 
from the column, they are directed to the micro combustion furnace where they are 
quantitatively converted to CO" H,O and other by-products in the presence of copper 
- - . 
oxide wires at 800 to 900cC. The effluent from the furnace is then directed through a 
cryogenic trap (-1 OocC) to remove the water and other condensibles before being sent 
to the mass spectrometer. The 6D C value of CO,:! produced for each individual 
compound, (compared to the standard reference gas) is calcuiated and reported in 
conventional delta (6) notation in parts per thousand e/oc) relative to PDB. (see Eq. 1, 
p 48) 
Compound-specific carbon isotope analysis (CSIA) has been performed on a wide 
variety of standard and natural organic mixtures with reported preci.sions of between 0.3 
Figure 11. Configuration of the Isochrom series II (GCICfIRMS), at Memorial 
University of Newfoundland. cia = Change over valve, RG = 
Referance gas valve, He = Helium gas, VSOS = Variable split open 
split, FID = Flame ionisation detector. 
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and I °/o~ (e .g., Hayes et aI., 1989; Freeman et aI., 1990; Rieley et al., 1991; Abrajano and 
Holt, 1992, Eakin et al ., 1992; Macko et aI., 1992; Guo et al., 1993, Goni et aL, 1993). 
The precision and accuracy of these measurements were predominantly affected by matrix 
characteristics (e.g., backgrounds, peak overlap or poor resolution and coelution) and 
performance of the instrumentation (Hayes et aI., 1989; Freeman, 1990; Eakin et aI., 1992; 
Merritt et aI., 1992; Goodman and Brenna, 1992; Guo et ai, 1993). The present software 
for BI3C calculations has routines which perform background and peak overlap corrections 
(e.g., VG Isotech application note No. 19) but manual refinements of correction 
procedures are required for complex matrices. Unlike standard organic mixtures, the 
molecular signature of extracts from contaminated envirmlmental samples (e.g., St. John's 
Harbour) are characterized by the presence of variably separated compounds and a hump 
known as the unresolved complex mixture (UCM). The magnitude of the background 
generated by the UCM has the potential to influence the precision and accuracy of the 
background correction calculations, particularly for small peaks where the isotopic 
compositions of peak and background are dramatically different. Ostrom and Bakel 
(1992) showed a 0.3% 0 shift in the isotopic ratio of a standard mixture of n-alkanes when 
a high background was deliberately introduced. Therefore, it is necessary to adopt sample 
purification methods that can minimize the presence of the UCM without affecting the 
isotopic compositions of peaks of interest. When peaks overlap (identified by multiple 
inflections in the 44/45 ratio trace; Figure 11), the isotopically light end of the first peak 
is overrun by the isotopically heavy front of the second peak thereby complicating the 
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correction procedure. Isotopic fractionations within individual peaks are related to 
vapour-pressure isotope effects (VanHook, 1969) in which J3C containing molecules elute 
faster than 12C molecules during GC separation (Hayes et al.. 1989). This phenomenon 
is of particular concern for example, for the isotopic determination of PAH isomeric 
compounds with similar retention times (e.g., Pa/A, BaA/Chy and BeP/BaP). The degree 
to which these compounds can be separated prior to CSIA analysis is dictated by GC 
operating condi.tions and type of capillary column. Isotopic contributions due to co-
elution are difficult to determine but their effects can sometimes be preempted by 
meticulous sample preparation and purification prior to injection, as well as careful 
selection of GC conditions. 
Important sources of instrumental error influencing CSIA preClSlon include 
linearity effects and peak broadening or tailing. In contrast to conventional IRMS, the 
major ion beams of the sample and reference gas are imbalanced, and may give rise to 
linearity effects. Since most complex organic mixtures consist of compounds with 
varying concentrations, sample/reference beam balancing is not possible for all 
compounds. Eakin et a1. (1992) addre~sed sample/reference imbalance effects and 
concluded that the observed deviations were not associated with linearity effects but to 
some other instrumental effect associated with small sample analysis or ion source 
contamination. We have extensively tested the linear range (lE-9 to lE-8 Amps) of our 
isotopic measurements, arid all standards and samples were diluted so that the peaks were 
within this range. A potentially important source of error is peak broadening which is 
mainly a function of chromatography. Under chromatographic conditions used in the 
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present study, peak broadening resulted in a loss of precision in isotopic values for 
compounds at higher retention times. Peak tailing, associated with leaks or dead volume 
in the interface can also significantly reduce the precision obtained in isotopic 
measurements. 
It is evident from the description of sensitivity requirements of the GC/C/IRMS 
that efficient methods are necessary for extracting and purifying individual PAH from 
environmental samples in sufficient quantities for isotope measurements. An important 
additional prerequisite of the extraction and isolation methods, is that they do not 
fractionate (i.e to preferentially enrich or deplete the compounds of interest in DC) the 
carbon isotopes at any stage during processing. In general, the steps followed prior to 
GClCIIRMS of environmental samples include: 
(1) extraction and isolation from a sample matrix 
(2) purification and separation of the compounds or compound fractions of interest 
from the matrix, and 
(3) detection, identification and quantitation of the purified compounds . 
. PAH analysis of environmental samples can therefore be cumbersome and require many 
steps. Since there are many steps involved in the separation and purification procedures, 
it is imperative that great care be exercised to avoid contamination during sampling and 
processing. Unlike most other quantitative organic analysis, authentic isotope PAH 
standards are not available. Hence one of the initial objectives of this study was to 
develop a set of PAH isotopic standards for routine instrument calibration and ot.her tests. 
Various extraction and purification methods were investigated and the adopted methods 
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were tested for maintenance of isotopic integrity. 
The following describes the materials and methods used initially to perform 
various preliminary investigations followed by a description of the procedures adopted for 
the collection, extraction and purification of individual PAR from environmental samples. 
Finally, instrument procedures for GC, GC-MS, and GC/CIIRMS analyses are outlined. 
2.2 Materials: 
(1\) All glassware were washed in hot water with detergent and rinsed in triplicate 
with di~tilled water. They were then fired at 350°C overnight and finally solvent washed 
with equal volumes of methanol, acetone and dichloromethane. 
(b) Cellulose thimbles, Whatman single layer (33 x 80 mm), were pre-extracted 
in Soxhlet units using 5% methanol-dichloromethane, 1% methanol-dichloromethane and 
pure dichloromethane for 3 hr at five cycles per hour. 
(c) Glass distilled solvents (Anachemia) were redistilled and checked for purity by 
concentrating 200 ml to 20 J.l.l and injecting 1 J.l.l on a GC-FID and GC-MS using the same 
temperature program: 35 to 250°C at 4°C/min and from 250 to 280°C at 10°C/min. 
(d) Copper powder (250 J.l.m) was activated by stirring in concentrated hydrochloric 
acid ::i..'1d allowed to settle for five. minutes. The copper was then washed under vacuum 
with distilled water followed by methanol and distilled dichloromethane. Copper 
remained active for up to three weeks when stored at -20°C, in dichloromethane. 
(e) Standards and pre- and post-extracted samples were stored at -20°C. 
(f) All column chromatography (purification) was performed using 50 cm x 1.0 
em columns with sintered glass filters, except where otherwise specified. 
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2.3 Preparation of the pure PAH isotopic standard: 
PAH solid standards (> 99% purity) were purchased from Supelco, Inc. 
(Bellefonte, PA) and stored at -20°C . The carbon isotope ratio of each compound was 
initially determined using conventional isotope ratio mass spectrometry following a 
modification of a technique described by Sofer (1980). Pyrex tubing 6 mm I.D. was cut 
into 20 cm lengths, sealed at one end and fired in a muffle furnace at 570°C. After 
cooling, 2 mg of each compound in triplicate was weighed into these cleaned tubes 
together with about 1.S g of pre-fired copper oxide. Distilled dichloromethane was used 
to transfer some of the high molecular weight compounds whenever difficulties were 
experienced in transferring the pure standard quantitatively into a combustion tube. Prior 
to sealing each tube, the solvent was evaporated using a stream of dry nitrogen in a 
darkened fumehood. The individual tubes were then evacuated using a high vacuum line 
and sealed. Before combustion the tubes were hand shaken to thoroughly mix the sample 
and copper wire for more complete combustion . The tubes were then loaded in a stainless 
steel block and combusted at 570°C, overnight and allowed to cool slowly inside the 
oven. Following combustion, the resultant carbon dioxide was purified cryogenically on 
a high vacuum line using a tube cracking system similar to that described by DesMarais 
and Hayes (1976). The quantity of purified CO2 produced was measured manometrically 
and collected into pre-evacuated sample holders. Determination of isotope ratios was 
performed using a Finnigan-Matt 252 or a VG Optima stable isotope ratio mass 
spectrometer. 
To test for complete combustion at S SO°C, a subset of standards (Pa, At FI, Py, 
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BaA, BbF and BaP) was taken through the above procedure, with the exception that pyrex 
tubes were replaced with silica glass tubes and combustion was performed at 850°C 
overnight. For GC/CIIRMS standardization and calibration, a solution of 14 PAR, with 
nominal concentrations of 560 ng/JlI was prepared by weighing approximately 2.8 mg of 
each compound and dissolving them in 5 all of distilled hexane. 
2.4 Isotope fractionation due to sample work-up: 
Isotopic fractionation as a result of sample loss during Soxhlet extraction and 
chromatographic purification was investigated using two separate solutions of pure PAH 
standards (Solution I = F, Pa, BaA and BbF, Solution II = Pa, A, FI and Py). Three to 
four mg of each compound was weighed into precleaned 10 ml volumetric flasks and 
dissolved in distilled hexane. Ten Jll of the prepared mixtures were added to 15 g 
portions of sterile sediments that had been exhaustively extracted with distilled 
dichlorome~hane. These spiked sediments were then extracted and purified using th~ 
procedures outlined in Figure 12. The recovery of each compound was determined using 
calibration curves constructed on the GC-FID and GC-MS using a range of concentraticns 
of standard P AH. 
2.5 Effects of volatilization and photolysis on the 613C of PAH: 
Isotopic fractionation due to volatilization was investigated by evaporating 
mixtures of individual PAH under nitrogen at 25°C. Possible isotopic alterations due to 
volatilization were also assessed in a high temperature water bath at 100 and 150°C 
Figure 12. Extraction and purification procedures adopted for the isolation of 
PAH from sediment and source samples which were also shown to 
maintain the isotopic integrity of pure PAH standards. 
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respectively for 30 minutes. 
Similarly, the isotopic effect during photolytic oxidation of residual PAH was 
evaluated in a number of separate experiments. First, 2-4 mg of five preselected solid 
PAH (Na, Ace, Pa, Py and BaP) were exposed separately to sunlight and air for 30 hours 
at 27°C. At the end of this experiment, the PAH were mixed and taken up in 10 ml of 
dichloromethane for analysi$. Further extended photolytic experiments were performed 
with a mixture containing 3 mg of A, FI, Py and BbF, dissolved in 5 ml of cyclohexane. 
This mixture was divided into 12 equal portions and duplicate solutions were exposc;..i ' to 
direct sunlight for 0, 4, 8, 24, 36 and 48 hr, at temperatures between 12 and 14°C. 
Another mixture, containing 3-4 mg of Na, f, Ace, Pa, A, Fl, Py, and BaA was dissolved 
in 10 ml of dichloromethane. Ten 200 ~li aliquots of this solution were then transferred 
to 2 ml clear air tight glass vials. The vials were sealed and exposed in duplicate for 2, 
4, 6, 8 and 10 hr, to direct sunlight at temperatures between 24-27DC. Duplicate 
unexposed controls were kept at _20DC in the dark. Anthracene is known to be highly 
sensitive to photolytic degradation reactions and any isotopic anomalies associated with 
such degradation processes should be reflected in experiments using this compound 
(Bjorseth and Ramdahl, 1983). Several tests were also conducted in which anthracene, 
dissolved in hexane, cyclohexane and in the absence of a solvent substrate was exposed 
(in duplicate) to direct sunlight for 0,2,4,6, and 8 hr, at temperatures between 24-26°C. 
2.6 Isotopic alterations due to microbial degradation: 
The isotopic effects associated with the microbial degradation of two pure PAH 
were assessed using compound specific pure Pseudomonas species. Naphthalene 
degradation and utilization was investigated using Pseudomonas putida, Biotype B ATCC 
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17484 wang a modification of procedures described previously (Bamsely, 1975 ; 
Weissenfels et aI., 1990). A minimal salts medium (MSM) containing 6.5 gil 
CaCI2.2H20, 0.01 gil ZnS04.7H20, 0.04 gil CuS04.5H20, 0.04 gil CoCI2.6H10, 0.05 gil 
NaMo04.2Hp, 0.25 g of yeast extract and 1 ml of trace element solution was prepared 
and sterilized at 121°C, for IS minutes. After cooling, 20 ml of this solution was 
transferred into eight sterilized 100 ml conical flasks together with an 20 mgll solution 
of pure naphthalene dissolved in dichloromethane. These flasks were plugged with 
sterilized foam plugs and allowed to stand at room temperature until . the solvent 
evaporated. Prior to inoculation the plugs were replaced and any residual solvent was 
removed under pure nitrogen. The flasks, with the exception of the control samples, were 
then inoculated with a suspension of pure Pselldomonas plItida, and grown in the presence 
of naphthalene, as a sole carbon source, giving an initial optical density (OD) of 0.025. 
The samples were then incubated in duplicate at 25°C, on a orbital shaker, in the dark, 
for lI, 6, 12, and 24 hr together with two controls each containing 20 ml of the MSM and 
naphthalene. Bacterial growth was recorded by measuring the OD at 600 nm, at the end 
of each sampling period. Growth was terminated by the addition of distilled 
dichloromethane. The residual naphthalene was recovered by repeated washing with equal 
volumes of distilled dichloromethane in a separation flask. The extract was then 
concentrated and purified on a silica column. Following purification, the sample was 
concentrated to 20 J.ll for GC/CIIRMS determination. Because rapid growth occurred 
during this initial experiment, the above procedure was repeated by incubating samples 
at 0, 2, 4, 6, and 8 hr with 120 mg/l of naphthalene as a sole carbon source. 
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Degradation and utilization of fluoranthene was studied usmg Pseudomonas 
pallcimobilis strain EPA 505 developed by Mueller et al (\990). The procedures adopted 
were similar to the naphthalene study except on this occasion, 30 ml of a Bushnell-Hass 
MSM (Mueller pers. comm.) was added to a flask containing 196 mg/l of pure 
fluoranthp.ne which had been dissolved in acetone. The contents were sonicated for two 
minutes prior to inoculation. The samples were incubated at 30°C in the dark and growth 
was again monitored by measuring the 00 at 600 nm. The degradation and utilization 
of fluoranthene was accompanied by the appearance of a bright orange colour which was 
attributed to the fluoranthene metabolites. Growth was terminated by the addition of 
dichloromethane and the residual f1uoranthene was recovered using the methods 
., 
previously described for naphthalene. 
2.7 Sample collection: 
2.7.1 Sediments: 
Sediments were collected in Conception Bay using the Department of Fisheries 
and Oceans Marinus and FRV Shamook, while samples from the St. John's Harbour were 
obtained using the ess Hudson from the Department of Fisheries and Oceans and the 
Karl & Jackie from Memorial University of Newfoundland. During the summer 1992, 
cores were collected from various sites located along the deep central basin of Conception 
Bay (Figure 13) using a box coring device with a 30 cm X 12 cm ID solvent rinsed metal 
core barrel. Immediately after siphoning off surface water above th~ sediment, some of 
the cores were extruded, sub-sampled into 2 cm sections, and stored in precleaned brown 
Figure l3. Location of the sampling sites in Conception Bay. 
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glass bottles. Selected cores were stored intact in PVC sleeves in an upright position. 
Grab samples representing the top few centimetres of sediment were also collected using 
a precleaned lead weighted shipex grab sampler. These samples were split into two equal 
sections and stored in pre-fired aluminum foil. All samples and cores were kept on dry 
ice until returned to the laboratory where they were stored at _20DC. until ready for 
processmg. 
Sediment sampling in St. John's Harbour was performed initially in the Fall of 
1992 at four sites using a solvent washed VanVeen grab sampler (Figure 10). Samples. 
representing the top few centimetres of sediment, were obtained from the deep portion in 
the middle of the Harbour and close to input sources, particularly sewage outfalls and the 
landfill leachate plume at Robin Hood Bay. A 3.34 m piston core was also obtained from 
a location adjacent to the sewage outfall at Ouidi Vidi Road. The piston core was 
initially split into two equal sections and one section was archived at _20DC. The 
remaining section was sub-sampled at 10 cm intervals for the first 2 m and every 20 em 
for the remaining portion of the core. Five additional Van Veen grab samples were 
obtained from similar sites within the Harbour and one from outside the Harbour close 
to Freshwater Bay during the summer of 1993. 
2.7.2 Sources: 
Source apportionment of PAH in sediments relies on constraining the isotopic 
signature of the primary input sources in the vicinity of the study sites. Pathways by 
which PAH reach the sediments can be similarly elucidated by constraining the isotopic 
signature of secondary source contributions such as road runoff, sewage and atmospheric 
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particulates. These secondary sources, are postulated to consist of a mixture of primary 
source inputs, although it is possible that only one of the primary sources could dominate 
in a secondary sour.;e. Table 6, lists the potential primary and secondary source 
contributors sampled during this study. InItially, individual spot sampling was performed 
to assess isotopic variation within the individual sources. Soots, predominantly 
representing wood burning sources, were scraped from the inside wall of open fireplaces 
and inside the stack of wood burning stoves onto precleaned aluminium foil using a 
solvent washed spatula. A large composite sample was prepared containing 0.5 g each 
of 26 individual soots collected from open fireplaces and stoves, from the immediate 
vicinity of St.John's Harbour and Conception Bay. These individual samples were 
initially weighed and then crushed in a mortar and pestle to produce uniform particle 
sizes. Vehicle emission soots were obtained by sampling old muffler systems. Thirty 
mufflers were collected that had obvious soot build-up and a number of individual and 
composite samples were prepared. Domestic heating furnaces burning #2 fuel oil 
represent another primary combustion source. Bulk soot samples were collected from the 
. stack interior of these furnaces during servicing and stored in precleaned aluminum foil. 
Soot sampling from the power generating station in Conception Bay was undertaken by 
trained personnel from the plant, previously instructed on the various sampling protocols. 
Six bulk samples, 40 g each, were obtained from various locations inside the hopper 
system. A composite sample of these soots was prepared by crushing 10 g of each 
individual sample and pooling to form a homogenous mixture of uniform particle size. 
All soot samples were later transferred to pre-cleaned glass vials lined with aluminum. 
Table 6. The primary and secondary sources identified that may be important 
contributors of PAR to the sediments of the two study sites. See 
Appendix G for sample location of some of the fire soots, 
roadsweeps and snow samples and Appendix H for number of 
samples collected. 
PRIMARY SOURCES 
Vehicle muffler soots 
Open domestic fireplace soots 
Wood stove soot 
Domestic heating furnaces 
Crankcase oil 
Two-stroke outboard motor engines 
Power generating station (PGS) 
Other petroleum products 
SECONDARY SOURCES 
Open-road surfaces 
Enclosed car park 
Untreated sewage effluents 
Roadside snow 
Atmospheric particulates 
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The predominant primary petroleum input source idtmtified was used cranh~ase oil and 
10 individual spot samples were directly sampled from car engines using long Pasteur 
pipettes. Further composite samples (8) were obtained oy sampling the waste oil sump of 
garages in the St. John's area. The isotopic signature of PAH contributions from outboard 
two-stroke motors were assessed by sampling water from the engines test tanks in 
outboard motor repair garages. These tanks were initially stirred to mix settled 
particulates and 500 ml was sampled in pre-cleaned 500 m! mason jars. The isotopic 
signature of both crude oil and uncombusted #2 fuel oil were also assessed to compare 
to the signatures of the other petroleum products investigated. 
Road sweep samples were obtained by sweeping approximately 1 m2 of open road 
surfaces with a solvent washed brush into an aluminum lined dust pan. Prior to 
transferring to a clean glass vial, unwanted materials such as stones and twigs were 
removed with tweezers. Surface sweepings from underground car parks with asphalt and 
cement paved surfaces were also obtained to assess the effects of weathering on open road 
systems. Isotopic signatures associated with sewage inputs were assessed by grab 
sampling sewage close to the main sewage outfall in the Harbour. Accumulated roadside 
snow samples from the winter of 1992-1993 were collected in precleaned 500 ml mason 
jars. The snow was allowed to melt and dry in open jars at room temperature in a 
darkened fumehood. The residues were then scraped from the inside of the jars using a 
solvent washed spatula and transferred to pre-cleaned aluminum foil and mixed 
homogenously before sieving through a 250 !lm sieve. 
2.8 PAH extraction and purification: 
2,8.1 Extraction: 
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A number of different solvent extraction methods are available for the extraction 
of PAH from environmental samples. No standard method exists, but favourable results 
are obtained for Soxhlet extraction using a range of sediments and solvent ratios 
(Farrington and Tripp, 1975; Hilpert et aI., 1978; Wong and Williams, 1980; Lake et al., 
1980; Brown et ,aI., 1980; Macleod et aI., 1982; Grimalt et ai, 1984; Lichtenthaler et aI., 
1986; MacLeod et aI., 1988). Although comparable results were obtained for some tests 
using sonication, Soxhlet extraction was adopted in this study, because it is a widely 
recognised reference extraction method and exhaustive extractions can be achieved for a 
wider variety of samples when appropriate solvents, sediment:solvent ratios and sample 
sizes are utilized. However, a number of the intercomparison studies concluded that 
solvent choice seeI'1ed more important than the choice of extraction method (Farrington 
and Tripp, 1975; Grimalt et aI., 1984; E~rhardt et al., 1991). Initially benzene, alone or 
in a solvent mixture was the most commonly used extraction solvent, but it has now been 
replaced by toluene or dichloromethane. Giger and Schaffner (1978) reported good PAH 
recovery using dichloromethane in a 6 hr Soxhlet extraction period while Grimalt et al. 
(1984) also obtained comparable results using 2: 1 dichloromethane:methanol. 
A series of initial experiments were conducted to determine appropriate sample 
sizes to produce sufficient PAH concentration for GC/CIIRMS analysis and optimize 
extraction efficiencies. Initially 35 g of partially air dried Conception Bay sediment and 
road sweep samples were extracted with 160 ml of dichloromethane together with 5 g of 
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sodium sulfate. Subsequent extraction of the same sample showed that residual PAH 
remained after the initial 24 hr extraction period. Sample extraction efficiency was 
evaluated by repeated extraction experiments using crushed and well dried sediments. It 
was noted that mOTd exhaustive extraction was accomplished when the sediment was 
stirred in the thimble after 12 hr of extraction. This mixing prevented sample compaction 
and exposed/unexposed particle surfaces particularly when larger samples were required 
(i.e., lower concentrations). 
The procedure adopted in this study was to air dry 30 g of sediment for 24 hr at 
ambient temperatures in a darkened fumehood to constant weight. The sample was then 
crushed in a precleaned mortar and pestle to break up compacted clumps and to produce 
a homogenous sample. Particle sizing was not performed at this stage in order to prevent 
unnecessary contact with surfaces that could potentially contaminate the sample and to 
avoid loss of very fine PAH containing particulates. A sub-sample, 15-17 g for 
Conception Bay samples and 4-5 g for St. John's Harbour samples, was Soxhlet extracted 
with 2 g of precleaned sodium sulfate, using 140 m! of dichloromethane, for 24 hr at 
three cycles per hour in precleaned extraction thimbles. Following extraction, the extracts 
were concentrated to 1 ml in a Buchii rotary evaporator at 30DC. The weight of the 
extract was determined by drying the sample to constant weight under nitrogen. Similar 
procedures were used for the extraction of PAH from fireplace soots, car soots and road 
sweep materials. Separate particle size fractions «63 I-tm, <125 I-tm and <250 I-tm) of the 
road sweep material were extracted in order to determine the PAH concentration of the 
various size fractions. Five gram portions of soot materials were normally extracted and 
diluted when necessarf prior to column chromatography. 
2.8.2 Purification: 
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PAH purification was cairied out following a modification of gel permeation and 
adsorption chromatographic procedures described previously (Youngblood and Blumer, 
1975; Giger and Schaffner, 1978; Pruell et al., \984; Cretney et aI., 1987). Various 
combinations of these chromatographic separations were extensively tested for optimum 
sample purification before adopting the procedure outlined in Figure 12. Initially extracts 
were purified using a combination of alumina and silica columns. The resultant aromatic 
fraction. when injected on the GC, showed significant interference of the PAH by a range 
of presumably biogenic compounds. This problem is especially severe for the Conception 
Bay sediments. Giger and Schaffner (1978) demonstrated that these interfering materials 
can be eliminated by the use of Sephadex LH-20 in a simple coarse prefractionation 
technique. LH-20 is a methylated cross linked dextran which has the ability to separate 
aromatic compounds by ring size exclusion (Talarico et al., 1965; Streuli, 1971). A 1:1 
mixture of dichloromethane:methanol was found to be a suitable alternative to the 1: 1 
benzene: methanol used by Giger and Schaffner (1978). After Sephadex and silica 
chromatography, road sweep extracts remained highly pigmented and contained very few 
resolved PAH. Extracts were dominated by the presence of a UCM. which is attributed 
to the presence of multi-branched compounds. Further purification steps to separate the 
UCM and improve peak resolution were attempted with little improvement (e.g., Ramos 
and Prohaska, 1981). Alumina chromatography (7.5% deactivated, hexane) was also 
performed which successfully removed the pigments, but there was no significant 
83 
improvement in the resolution of the compounds of interest. 
The following general procedures were adopted for the purification of sediments, 
fireplace soots, car soots and road sweep samples. Sephadex ;;olumns were prepared by 
conditioning 5 g of Sephadex LH~20, 25-100 mesh In 30 ml of I : 1 
methanol:dichloromethane overnight (the degree of swelling is aff~cted by the solvent 
choice). This was then transferred to a column containing 0.5 g of acid washed sand, 
previously rinsed with dichloromethane. Purification of the Sephadex was carried out 
using 3 x 30 mt volumes of 1: I dichloromethane:methanol and the purity of the Sephadex 
was verified by fluorometry (310/360 nm, excitation/emission wavelengths) using the final 
3 mt eluted from the column. Sample extracts were taken up in 0.5 ml of I: I 
methanol :dichl0romethane and added to the column (and rinsed with two further 0.5 ml 
portions). Concentrated samples were diluted prior to column chromatography to prevent 
column overload. Elution of the aromatic fraction was traced by collecting 3 ml fractions 
of the eluent and reading the fluorescence at 310/360 nm excitation/emission wavelengths. 
Sin~e fluorescence was detected only in the fifth fraction, the initial 12 ml eluent were 
discarded. The next twenty 3 ml fractions containing the aromatic hydrocarbons were 
collected at an elution rate of 1.5-2.0 ml/min. Ring size elution was traced using 
synchronous fluorescence (Wakeham et aI., 1977) on certain fractions from 275/300 nm 
to 450/475 nm excitation/emission to obtain the maximum fluorescence for each ring size. 
The mono-aromatics show a maximum excitation at 280-290 nm, 2-ring at 310-320 nm, 
3-4-rings at 340-380 nm, whiie maximums for 5-ring compounds occur at >400 nm. 
These fractions were then combined and concentrated to near dryness at 30De. The 
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remaining methanol:dichloromethane was displaced by hexane by evaporating under 
nitrogen flow. The reproducibil i ty of this procedure was tested using a diverse range of 
environmental samples with varying PAH concentrations. 
Silica gel columns were prepared by adding 10 g (14 g for road sweep) of silica 
gel (Aldrich 100·200 mesh) to 50 ml cf dichloromethane. The dichtoromethane was 
eluted and displaced by an equal bed volume of hexane. Column background was again 
checked by fluorometry. The total hydrocarbon fraction was taken up in 0.5 ml of hexane 
(and rinsed with two further 0.5 ml portions) and added to the column. The aliphatics 
were eluted with 30 ml of hexane and the aromatics with 60 mt of 1: 1 
dichloromethane:hexane. Larger volumes of dichloromethane:hexane (80 mt) were used 
for more concentrated samples. Tests, using pentane and toluene to separate the aliphatic 
and aromatic fractions were also conducted and, although comparable separation 
efficiencies were achieved, the use of hexane:dichloromethane was preferred because of 
the relatively higher boiling point of toluene. Similar to the gel permeation 
chromatography, the elution of the aromatics was traced using fluorescence at 310/360 
nm (excitation/emission). Again, fractions showing fluorescence were combined and 
concentrated to dryness. The sequence of the Sephadex and silica column 
chromatography can be alternated with no significant difference in the efficiency of the 
purification. Prior to GC and GC-MS injection, appropriate volumes of hexane containing 
40 ng/lll of phenyl hexan~ (internal standard) were added to each sample. 
Elemental sulphur present in la!'ge ql!antities in Conception Bay sediments was 
removed by the addition of 5 g of activated copper powder to the top 0fthe Sephadex and 
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silica columns. Sulphur removal is important, since it can lead to I!rroneOllS results in 
GC-MS analyses (Blumer, 1957). Initially, a separate copper column containing 20 g of 
copper granules activated by the addition of 0.25 N or concentrated HCl proved 
inadequate for the removal of elemental sulphur. This incomplete removal was attributed 
to the short contact time and small surface area between the copper granules and sample 
extract. Tests have shown that elemental sulphur can also be effectively removed by 
adding similar quantities of activated copper powder to the extraction flask after initial 
sample reduction . A procedural blanks in which 2 g of sodium sulfate were Soxhlet 
extracted and purified by column chromatography was run with every 10 samples. The 
efficiency of the adopted extraction and purification methods at recovering mixtures of 
pure PAR was assessed using the procedures described in section 2.4. 
The aromatic fraction of crankcase oil was purified using a two-step column 
chromatographic procedure (silica gel and Scphadex). Approximately 50-60 mg of 
crankcase oil was dissolved in 0.5 ml of hexane. This was then carefully added to a 350 
mm x 16 mm ID chromatographic column containing 35 g of silica gel. The aliphatic 
fraction was initially eluted with 160 ml of hexane and the aromatic fraction was collected 
with 180 ml of 1: 1 dichioromethane:hexane. The aromatic fraction was then concentrated 
to 2 ml by rotary evaporation and the remaining hexane:dichloromethane was replaced 
with 0.5 ml of dichloromethane:methanol under nitrogen. The extract was then added to 
a Sephadex column, identical to the column used for previous purification studies. The 
aromatics were fractionated into 3 ml portions with UV light detection . The aromatic 
fraction can be clearly separated into three pigmented fluorescent bands with varying 
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intensity . The first intensely pigmented band was eluted in two 3 ml fractions, while the 
second band with less pigmentation was eluted in a single 3 ml volume. The final 
fluorescent band was eluted in 4 x 3 ml and after GC-MS analysis these latter four 
fractions were combined and concentrated. Subsequent gas chromatography-mass 
spectrometry (GC-MS) analysis indicated that the first band consisted predominantly of 
a significant UCM with poor peak resolution, while the second was made up of a mixture 
of well resolved low molecular weight PAH and a UCM. The third band consisted of 
well separated PAH ranging from two to five ring compounds (Figure 14). Repeated 
analysis of individual crankcase oil samples indicated that the separation and thickness 
of these individual bands was dependent on oil exposure time within engines. Older oils 
tended to produce well separated bands and normally had higher concentrations of 
parental PAH. The isolation and purification of the aromatic fractions from crude oils and 
#2 fuel oil was also carried out using the procedures just outlined. 
The PAH were extracted from the outboard two-stroke engine water sample by 
extracting 500 ml of the sample in a separatorj funnel with three ISO ml portions of 
. dichloromethane. The extract was then concentrated to 2 ml and purified using the 
technique described above for crankcase oils. 
2.9 Sample analyses by GC-FID, GC-MS and GC/C/IRMS: 
2.9.1 Sample analyses by GC-F1D and GC-MS : 
Prominent PAH compounds were initially separated, identified and quantified using 
a Perkin Elmer 8310 gas chromatGgraph equipped with a flame ionization detector and 
a 30 m x 0.2S mm 1D and 0.25 ).lm film thickness SPB-S [Supelco] capillary column. 
Figure 14. The total ion chromatograms (TIC) of the crankcase oil PAH 
fractions separated using Sephadex LH-20. 
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A 1 )ll sample was injected splitless (50 sec) into a heated (285°C) splitlsplitless injector 
and the oven was programmed from 35 to 250°C at 4°C/min and from 250 to 280cC at 
10cC/min. The flame ionisation detector (FID) was heated to a temperature of 300°C. 
Subsequent tests using the sediment samples demonstrated that the best resolution was 
achieved using a 30 m x 0.25 mm ID and 0.12 )lm film thickness CPSil-5 capillary 
column (Chrompak). Individual PAH quantification in sediments and source samples was 
performed using external calibration curves constructed using a range of concentrations 
of pure PAH standards injected on the GC and GC-MS. The performance of the FID was 
assessed using an internal phenyl hexane spike. A 5.6% standard deviation was obtained 
in FID response with repeated injections (20 x 1 )ll) of this internal standard. Parental 
PAH were initially identified using NBS 1647(a) and confirmed by GC-MS using a 
Hewlett Packard model 5890B mass selective detector (MSD) and a 25 m x 0.25 mm ID 
and 0.12 )lm film thickness CPSil 5 column (Hellou et al. 1992). Methylated compounds 
were identified by injecting individual methyl standards and their presence was confirmed 
using GC-MS. The identification of retene and other unknown compounds where 
authentic standards are not available were carried out by comparison :>f the spectra with 
literature spectra. 
2.9.2 Sample analyses by GC/CIIRMS: 
The GC/CIIRMS was tested using a wide variety of "reference" standards that 
included the previously prepared pure PAH mixtures (Section 2.2). The CO2 reference 
gas was calibrated relative to PDB using primary standards NBS 22-graphite and NBS 19-
TS limestone, and a secondary carbonate standard provided by Dr. M. Wilson, Memorial 
University of N~wfoundland. As previously described, the capability of the GC column 
to resolve individual compoll'1ds is an important requirement in performing reliable 
isotopic measurements. Compared to OV -1 and SPB-5 capillary columns, superior 
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separation and sensitivity was achieved using a CPSil-5 capillary column (30 m x 0.25 
mm 10 and 0.12 mm film thickness) . As a matter of routine procedure, FlO traces were 
first obtained before performing GC/CIIRMS analysis. The initial FlO measurement 
enabled the determination of optimum injection volumes and retention time range of the 
compounds of interest (i .e., the sampling window). Eluates were directed by the heart 
split valve to the FID before and after the selected window. During this time (i .e., before 
and after sample window) a series of CO2 reference gas pulses were allowed into the mass 
spectrometer at 30 second intervals. For the samples of interest, the corresponding CO2 
eluates (the CO2 produced as a result of combusting the individual compounds in the 
combustion interface) are diverted to the mass spectrometer where the ion currents of 
masses 44, 45 and 46 were measured simultaneously by three fixed Faraday cups with 
matched time constants (Figure II) . A variety of temperature programs, normally 
terminating with a 10 minute column clean-up period at 280°C were used to iriolate the 
compounds of interest. Optimum separation (to minimise co-elution effects) for 3 and 4-
ring compounds was achieved using IO°C/min between 35-1S0°C, and 4°C between 150-
280°C/min for 10 minutes. However, due to peak broadening, separation of higher 
molecular weight 5-ring compounds was best achieved using temperature programs with 
rapid initial ramp rates. The mass spectrometer was tuned to give optimal sensitivity and 
reference gas pulse injections were set to produce a major ion beam response of between 
5.5-6.5 E-9 Amps for the reference gas pulse injections. Prior to injection, samples with 
complex backgrounds were taken up in appropriate volumes of a solution containing one 
aromatic (acenaphthalene) and two aliphatic (C21 and C25) internal standards whose 
isotopic values had been previously determined using conventional isotope techniques and 
GC/CflRMS. These internal standards were strategically selected to appear as close as 
possible at the beginning, middle and end of the chromatographic run and so as not to 
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interfere with the compounds under investigation. The addition of these internal standards 
enabled instrument performance and reliability of background substraction to be 
independently assessed in complex sample matrices. Significant error in reported values 
can result if the sample peak is small and the background is large, especially if the oUe 
of the background is dramatically different from that of the sample peak of interest. 
Elevated backgrounds were particularly prevalent in the crankcase oil samples, but the 
effects of these backgrounds were reduced using the column purification procedures 
described in section 2.8.2. An automatic background correction on samples with 
significant backgrounds can be carried out using procedures described elsewhere (e.g., VG 
Isotech application note No. 19). This procedure involves calculating background 45/44 
and 46/44 ratios by selecting specific background ratio points along the chromatogram and 
fitting them to polynomial curves. These ratios together with the measured mass 44 
background area are used to estimate the corresponding 45 and 46 background areas. The 
resultant three background areas are used to estimate the total peak areas calculated from 
the 44, 45 and 46 traces. However an initial investigation of this "automatic" procedure 
revealed that, in some cases the true olle values of the three internal standards could not 
be simultaneously recovered. This is true even when the internal standards are not 
coeluting with any compound. Manual background correction was performed in these 
cases. This was undertaken in two stages, the first stage entailed manual selection of new 
background points between the first two internal standards (17 - 50 minutes) and then 
fitting a new polynomial background trace (45/44 and 46144) until the ol3e of the two 
internal standards were as close as possible to their "true" values. TI~e olle of the 
compounds of interest adjacent and between these two internal standards were then 
reported. The olle of the samples peaks on the second portion of the chromatogram 
(portion containing the second and third internal standards 40 - 70 minutes) were obtained 
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using the same procedure described above except that the latter two standards were used 
to verify the validity of the background trace. 
Problems of co-elution were reduced by optimizing, sample purification and 
chromatographic conditions. However, co-elution was found to occur in some complex 
samples and whenever the peaks of interest could not be clearly elucidated, the B\3C of 
these compounds were not reported. In general, the dilution factor was such that a 1 J.lI 
injection of sample or standard contained 10 nanomoles of the most abundant PAR. With 
a splitless injection, the most abundant compound in a 1 III injection yielded a major ion 
beam (i .e., mass 44) signal of approximately lE-8 Amp. 
2.10 Bulk o13e, total organic carbon, metal and grain size analysis of sediments: 
The following additional analyses were performed on the Conception Bay 
sediments in order to help constrain importMt primary input sources. Total organic 
carbon (TOC) and bulk ODC of the organic fraction were determined using conventional 
isotope measurement techniques. Carbonates were removed from air dried sediment (2.0-
2.5 g) by the addition of 20% HCl solution overnight. Following decarbonation, samples 
were repetitively washed to neutrality with deionized water and dried overnight at 20°C. 
For TOC analysis 100-150 mg was taken through the procedure outlined in section 2.3. 
The quantity of CO2 produced by combustion of sediments was measured manometrically . 
Trace metal analysis using X-Ray Fluorescence spectroscopy (XRF) on 5 g of 
homogenously mixed sediment «63 J.lm) pressed into pellets was also performed. 
Sediment particle size determinations were carried out using approximately 30 g of post 
extracted sediments. Sieves ranging in size from> 1000 11m to <63 J.lm were stacked and 
shaken on a mechanical shaker for IS minutes. The quantity retained by each sieve was 
carefully weighed and calculated as a percentage of the total weight recovered. 
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3.0 RESULTS 
3.1 Accuracy and precision of CSIA determinations using standal'd and field 
samples: 
The mean and standard deviation" of repeated isotopic measurements of PAH 
standards using conventional IRMS and GC/CIIRMS analyses are summarized in Figure 
15. Replicate measurements with conventional IRMS showed a precision ranging between 
0.03 and 0.100/°°' while the precision for thirty four repeated injections using GC/CIlRMS 
ranged between 0.25 and 0.39°/00 (Table 7). Taking the isotopic values of the 
conventional IRMS measurements to be the "actual" or "true values" of the standard PAH, 
the accuracy+ of the GC/CIIRMS determinations for Pa, A, FI, Py, BaA and BbF ranged 
between 0.01 and 0.30°/00 ; Na, Ace, F and BaP analyses have accuracies that ranged 
between 0.41 and 0.57°/00, 
The precision of GC/CIIRMS analyses of individual PAH extracted from field 
samples was determined using a Harbour sediment sample, open fireplace soot and a car 
muffler soot. The mean and standard deviation of lOx 1 III replicate injections of these 
samples run under similar operating conditions along with internal standards are shown 
in Figures 16, 17 and 18 and summarized in Table 7. OI3C values of the individual 
compounds were manually as well as automatically background corrected. The varia~ion 
in the Ol3C precision of the individual PAH in the sediment sample ranged between 0.40 
" All reported precIsions are 20 standard deviations unless otherwise specified. 
+ Accuracy is reported as the mean deviation per mil (°100) of the GC/CIIRMS values 
from the conventional values for the pure PAH. 
Figure 15. A comparison of the mean cl3C values obtained for the PAH pure 
standards using conventional methods of analysis and GC/CIIRMS. 
Error bars = standard deviation (2cr; 95% el). Na;;; Naphthalene, 
Ace '" Acenaphthene, F = Fluorene, Pa = Phenanthrene, A ;;;: 
Anthracene, FI ;;;: Fluoranthene, Py = Pyrene, BaA = 
Renz(a)anthracene, BbF = Benzo(b)fluoranthene, BaP = 
Benzo( a)pyrene. 
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Table 7. Summary of precision and accuracy ranges observed for GC/CIIRMS 
measurements of P AH from standard and field samples 
Sample Plllcision 
Range (oJu(> )'" 
PAH standanl: 0.25 to 0.39 
Field samples: 
Sediment 0040 to 0.51 
Fireplace soot 0.13 to 0.64 
Car soot 0.26 to 0.85 
Acenaphthalene 0.16 to 0.19 
C21 0.13 to 0.80 
C2S 0.22 to 0.24 
Recovery expt.: 0.07 to 0.38 
Photolysis: 
FI, Py and BbF in 
cyclohexane: 0.01 to 0.26 
Anthracene in 
cyclohexane: 0.06 to 0.25 
F, Pa, Fl and Py in 
dichloromethane: 0.01 to 0.34 
Acenaphthalene in 
dichloromethane: 0.11 to 0.31 
Repeat Anthracene in: 
hexane ' 
cyclohexane 
solid 
Microbial: 
Naphthalene 
Fluoranthene 
0.07 to 0.23 
0.06 to 0.20 
0.07 to 0.37 
* = precision is 20' standard deviation 
Intel1lru Struldanl 
Accuracy ("/00 )""" 
0.11 to 0.20 
0. 16toO,21 
0,07 to 0.23 
0.30 to 0.80 
0.05 to 0,16 
0.0 I to 0.18 
0.01 to 0,09 
O.OltoO. 11 
** = relative to their respective conventional lRMS values 
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Accumcy 
("I )""" OD 
0.0 I to 0.57 
Figure 16. Mean and standard deviation (2cr) of lOx 1 J.l1 replicate injections of 
3,4 and 5-ring PAH isolated from a Harbour sediment sample, along 
with internal standards (IS) used to test the reproducibility of the 
GClCflRMS at measuring the Ol3C of field samples. Ace;;;;;; 
Acenaphthene, Pa ;;;;;; Phenanthrene, A =: Anthracene, Fl == 
Fluoranthene, Py = Pyrene, MFI-Py = Methyl Fluoranthene-Pyrene, 
BaA :;;: Benz(a)anthracene, Chy = Chrysene, BFl = 
Benzofluoranthenes and BaP =: Benzo(a)pyrene. 
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Figure 17 Mean and standard deviation (2a) of lOx 1111 replic.:l.te injections of 
3,4 and 5-ring PAR isolated from a fireplace soot sample. along with 
internal standards (IS) used to test the reproducibility of the 
GC/CIIRMS at measuring the Bile of field samples. Ace = 
Acenaphthene. Pa = Phenanthrene, A = Anthracene. I\1Pa =: Methyl 
Phenanthrene, PNa = Phenyl Naphthalene. Fl == Fluoranthene. Py = 
Pyrene, MFI-Py = Methyl Fluoranthene-Pyrene, BaA == 
Benz(a)anthracene, Chy = Chrysene, BFl = Benzofluoranthenes, BeP 
== Benzo(e)pyrene and BaP = Benzo(a)pyrene. 
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Figure 18. Mean and standard deviation (20') of lOx 1).11 replicate injections of 
2, 3, 4 and 5-ring PAH isolated from a car soot sample, along with 
internal standards (IS) used to test the reproducibility of the 
GC/CIIRMS at measuring the 0 13<; of field samples. Na = 
Naphthalene, Ace = Acenaphthene, Pa = Phenanthrene, A = 
Anthracene, FI = Fluoranthene, BaA = Benz(a)anthracene, Chy = 
Chrysene, BFI =: Benzofluoranthenes, BeP = Benzo(e)pyrene and BaP 
= Benzo(a)pyrene. 
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and 0.51°/00 and the OllC of internal standards was recovered to within 0.10 and 0.21% 0 
of their conventional values. Precision tor the repeated measurements of the individual 
compounds in the fire soot sample ranged between 0.13 and 1.15%0' and internal 
standards were recovered to within 0.07 and 0.23%0 of their original value. Excluding 
the anomalously high anthracene variation, the precision ranged between 0.12 and 0.64%0' 
The precision for car soot PAH varied between 0.26 and 0.85%0 and recovery for the 
internal standards was within 0.30 and 0.80°/00' Precision for the internal standards in the 
three samples varied: Ace ranged between 0.16% 0 and 0.19%0' C21 between 0.13°100 and 
0.80%0 and C2S between 0.22% 0 and 0.24%0 (Table 7) . The mean isotopic values of the 
UCM (sum of the isotopic values of the area under each individual peak) for the sediment 
sample, fireplace and car soots were -25.4%0' -25.5%0 and -26.7% 0 , respectively . 
Percent recoveries and associated isotopic values of selected PAH standards taken 
through the sample extraction and purification procedures are summarized in Figure 19. 
With the exception of the mean recovery rate of 45% for F, recoveries for the remaining 
higher molecular weight PAH were generally better than 70%. The precision for, the 
repeated isotopic measurements ranged between 0.07%0 and 0.38%0 and there is no 
correlation between the precision, accuracy and yields. 
Figure 19. The mean oDe values and concentrations of standard PAH recovered 
from the PAH free spiked sediment samples (processed) using the 
adopted extraction and purification procedures. F = Fluorene, Pa = 
Phenanthrene, A = Anthracene, Fl = Fluoranthene, Py = Pyrene, BaA 
= Benz(a)anthracene, BbF = Benzo(b)f1uoranthene. 
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3.2 Isotopic effects due to photolysis: 
Figures 20 and 21 summarize the mean isotopic values and the mean recovered 
yields of the standard PAH exposed to natural sunlight. There was no significant 
alteration from the initial isotopic values of three (FI, Py and BbF) of the four parental 
compounds exposed to sunlight for 48 hr in cyclohexane at 12-14°C (Figure 20). FI, Py 
and BbF concentrations gradually decreased, with the greatest reduction (35%) occurring 
in the pyrene concentration. In constrast to the apparent stability of FI, Py and BbF, the 
isotopic value of anthracene in this set of experiments was altered by up to 2%u during 
the first 8 hr exposure. This enrichment was also accompanied by a simultaneous 57% 
decrease in the concentration during this time. Attempts to duplicate this isotopic shift 
using repeated experiments with ~, lthracene dissolved in hexane, cyc\ohexane and in the 
absence of a solvent substr:;.te and exposed to sunlight at 24 to 26°C were unsuccessful. 
The precision of the repeated measurements of anthracene in the hexane solution ranged 
Cyc10hexane precision ranged between 0.22%0 and 
0.53%0' while in the absence of a solvent substrate, precision ranged between 0.07%0 and 
0.37%0 (Figure 22; Table 7). 
The mean and precision in the isotopic values of pure PAH, exposed to sunlight, 
at 27°C, in dichloromethane, are shown in !7igure 21. While the isotopic values of F, Pa, 
FI and Py remained unaltered, Ace became progressively enriched as the concentration 
simultaneously decreased. In contrast to the overall 85% reduction in the Ace 
concentration, the decrease in F, Pa, FI and Py concentrations ranged between 20 and 40% 
Figure 20. Measured mean Bile values (20') and recovered concentrations of 
pure PAH exposed to natural sunlight for 4, 8, 24, 36 and 48 hrs at 
12 - 14°C in cyclohexane. 
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Figure 21. Measured mean BI3e values (20) and recovered concentrations of 
pure PAR exposed to natural sunlight for 2, 4, 6, 8, and 10 hrs at 
27°e in dichloromethane. 
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Figure 22. Mean Ol3C (2cr) of repeated anthracene photolysis experiments using 
hexane and cyclohexane and in the absence of a solvent substrate 
(solid) at 24-26°C. 
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of the original amounts with the greatest reduction recorded in pyrene. 
Figure 23, shows an example of a plot of In(CJC t) against time for the 
dichloromethane study, where Co is the initial concentration and Ct is the concentration 
at time t. All PAH exhibit more or less straight line fits passing through th~ origin 
indicating first-order kinetics which was also observed for the PAH exposed in 
cyclohexane. Rate constants (k in time· l ) and the half-lives (t1l2) were calculated from: 
tl :=ln2/k and are summarized in Table 8. The rate constants for FI and Py were 
significantly greater in dichlorometane than in hexane. 
3.3 Isotopic effects due to microbial degradation: 
The microbial degradation ofNa (Figure 24) and Fl (Figure 25) indicates that there 
is no significant alteration in their isotopic values (with all recovered values within 0.5°/00 
of the original isotopic values) when these PAR are used as a sole carbon source. Rapid 
growth occurred in the Na experiments and up to 95% of the concentration was reduced 
after 6 hr of exposure. Similar reductions over the same time period were observed, even 
when higher initial concentrations were utilized. Since isotopic effects are predominantly 
manifested in reduced substrate concentrations, the Fl experiment was extended, despite 
the notable decay in bacterial growth (Figure 25). The concentration of FI was reduced 
by 63% after 60 hr of exposure to an active bacterial population. There was no change 
in the isotopic values of FI in the duplicate controls and no bacterial growth was recorded 
in these samples. 
Figure 23. First-order photolytic degradation of pure PAH when exposed to 
natural sunlight at 27°C in dichloromethane. r = correlation 
coefficient 
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J .O o Acenaphthalene r = 0.97 
• Fluorene r = 0.97 0 
'V Phenanthrene r = 0.93 
." Fluoranthene r = 0.96 
0 Pyrene r = 0 .97 
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Table 8. Calculated first order rate constants (klhr) and derived half-lives (tl/~) 
for standard PAR exposed to natural sunlight in dichloromethane and 
cyclohexane. Ace = Acenaphthene, BbF = Benzo(b)fluoranthene. 
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Rate Half 
PAH Constant Life 
klhr till (h) Other Published Data 
10 IIr Exposure in 
D;clJloromethane at 2rC 
Ace 0.35 2 
Fluorene 0.02 23 * ** *** 
Phenanthrene 0.02 31 0.05 14 136 <10% loss after 9.5 hr'" 
Fluoranthene 0.03 23 0.01 48 270 <10% loss after 9.5 hr 
Pyrene 0.06 11 0.10 7 136 -90% loss after 7.5 hr 
48 Itr Exposure in 
Cydohexane at 12-14° C 
Anthracene 0.03 21 0.36 2 23 -65% loss after 2.5 hr 
Fluoranthene 0.006 122 0.01 48 270 <10% loss after 9.5 hr 
Pyr~ne 0.006 122 0.10 7 136 -90% loss after 7.5 hr 
B(b)F 0.004 160 0.04 19 
*Sanders et aI. (1993) Rate constants and half-l ives of PAH irradiated in acetonitrile 
with 450 W mercury lamp 
,.. *Behymer and Hites (1988) Half-lives of PAH adsorbed onto coal fly ash with 
carbon composition of 0.1 % 
* * * Korfmacher et al. (1980) PAR irradiated in cyclohexanone with 150 W xenon 
lamp 
Figure 24. The isotopic effects associated with the degradation of pure 
naphthalene using naphthalene degrading Pseudomonas plIlida, A Tee 
17484. Inset, change in naphthalene concentrations over the first six 
hours of exposare in the duplicate experiments. 
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Figure 25. The isotopic effects associated with the degradation of pure 
fluoranthene usmg fluoranthene degrading Pseudomonas 
paucimobilis, EPA 505. Inset, change in Fl concentrations during the 
exposure period. 
0.6 
0.2 
• Bacterial Growth Curve 
o Control 
* «513C of recovered Fl 
.-. 
122 
1/ *"-.-e 
• -24.8" I 
per mil • __ e",,*-24.9 per mil 
,-.. 
:J 
......... 
en 
c 
'--' 
u 
c 
C 
U 
t:;: 
e 
\ 
e 
". 
-25.0 
per mil 
2000 ,------------, 
1500 
1000 
500 
o 10 20 30 40 50 60 70 
Exposure Time (hrs) 
o 0-0 0-0-0-0 O~, O-O-O~ 
'0""""- 0""""-
0.1 I I I I I ---/----{ 
o 8 16 24 32 40 48 56 64 
Exposure Time (hrs) 
123 
3.4 Molecular and carbon isotope signatures of the primary sources: 
3.4.1 Fireplace soot: 
3.4.1 .1 Molecular signature: 
The prominent PAH identified in the single and composite fireplace soot samples 
ranged from kata-annellated 3-ring to peri-condensed 6-ring compounds (Table 9; 
Appendix Fl) . Generally, the molecular signature is characterized by the dominance of 
3, 4 and 5-l'ing parental PAH with some methylated 3 and 4-ring compounds. Other 
prominent compounds tentatively identified by GC-MS were isomers of a C17H14. mlz "" 
218 amu compound CRI 2030), previously postulated to be 16,17-dihydro-15H-
cyciopenta(a)phenanthrene (Killops and Howell, (988) and a C1sH 1S hydrocarbon, retene 
(l-mcthyl-7-isopropylphenanthrene) also present in several samples. The presence of a 
C1sH10' mlz = 226 amu compound (Rl 2270), tentatively identified as 
benzo(ghi)fluoranthene or cyclopenta(cd)pyrene and the presence of a prominent UCM 
extending from 34 to 80 minutes (RI = 1570-3100) was also characteristic of these 
samples (Appendix Fl). The absolute concentrations of prominent PAH varied 
significantly from sample to sample. Therefore individual concentrations were normalized 
to the total quantified PAH content in each sample. These normalized concentrations 
exhibit a dominance ofFI, Py and Chy in the 4-ring and the combined benzofluoranthenes 
in the 5-ring PAH (Figure 26). 
2 RI = Kovats index, where the first two numbers represent the closest n-alkane 
and the last two numbers is the ratio of the relative retention times between the two 
closest n-alkanes. 
Table 9. The range of PAH isolated from the single open fireplace (Sing) and 
composite (Comp) soot samples. (++ = most abundant compounds 
that were isotopically measurable; + = detected but not isotopically 
analyzed). B(ghi)Fl =Benzo(ghi)f1uoranthene, CP(cd)Py = 
Cy"lopenta(cd)pyrene, Ind = Indeno(123 cd) pyrene, B(ghi)Per = 
Benzo(ghi)perylene, Anthant = Anthanthrene. 
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Figure 26. Mean normalized concentrations of the 3, 4 and 5-ring PAH in the 
single and composite fire soot samples. Pa = Phenanthrene, A = 
Anthracene, MPa = Methyl Phenanthrene, FI = Fluoranthene, Py = 
Pyrene, BaA = Benz(a)anthracene. Chy = Chrysene, BFI = 
Benzofluoranthenes, BeP = Benzo(e)pyrene and BaP = 
Benzo( a)pyrene. 
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3.4 .1.2 Carbon isotopes: 
A summary of the mean and standard deviations of the ol3C values for PAH 
isolated from single fireplace soot samples are shown in Figure 27. Mean ol3C values 
for each compound ranged between -26.8% 0 and -24.3% 0' and sample to sample variations 
ranged between 0.58 and 1.60% 0 (Table 10). The isotopic value of the parental 
compounds ranged between -26.40/00 and -24.3°/00' with variations between 0.69 and 
1.60% 0' while their methylated homologues ranged between -26 . 9°/~0 and -24.60/00 with 
variations ranging between 0.58 and 1.20%0' In general, 013C measured for Pa and its 
methylated derivatives were more depleted in 13C than the higher molecular weight PAH. 
Collectively, the isotopic values of the 3-ring compounds (Pa, A, methyl and dimethyl Pa 
and phenyl Na) fluctuated between -27.5%0 and -24.3%0 with significantly enriched A 
compared to Pa and depleted phenyl Na. Pa was equally or more enriched than its 
methylated derivatives. With the possible exception of trimethyl Pa, the al3c values of 
Py and methylated Fl-Py became gradually enriched with increasing molecular weight 
between Fl (-25.7% 0) and the 226 species (-24.9% 0 ) ' In contrast to methyl Fl-Py, 
for example, parental Fl and Py are depleted. PAH between the 4-ring BaA (-25.2% 0) 
and the 5-ring BaP (-27.7%0) became progressively depleted with increasing molecular 
weight. To futher assess the nature and trend of the sample to sample B13C variations, 
the isotopic signature of the PAH in the composite soot are compared to a number of 
single soot samples (Figure 28). All samples have very similar trends, but the triarornatic 
compounds (A, Pa and MPa) of the composite sample seem to be mar~i!l!llly more 
depleted than most of the single samples investigated. Retene in amounts that can be 
Figure 27. Mean and range (standard deviation; 20') of the 0 DC of the individu:t1 
3,4 and 5-ring parental and methylated PAH isolated from the single 
and composite fire soot samples. Pa = Phenanthrene, A = 
Anthracene, :MFa = Methyl Phenanthrene, PNa = Phenyl 
Naphthalene, DPa = Dimethyl Phenanthrene, Fl = Fluoranthene, Py 
= Pyrene, MFl-Py = Methyl Fluoranthene-Pyrene, Trimethyl 
Phenanthrene, BaA = Benz(a)anthracene, Chy = Chrysene, BFl = 
Benzofluoranthenes, BeP = Benzo(e)pyrene and SaP = 
Benzo(a)pyrene. 
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Table 10. Summary of the mean intercompound Ol3C range and the compounds 
that show the minimum and maximum sample to sample variation 
(20-) observed for the primary, secondary and sediment samples. 
'" = range observed between the most depleted and enriched 
individual compounds in the mean overall OIJC values 
.* = compounds that show the minimum and maximum sample to 
sample variation 
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Sample IntcrcomRJO UIIO Intc nl run pie 
81JC Runge (°'.0 )* Variation (°'00 )(2a)** 
Fireplace soot: 
Overall range -26.8(PNa) to -24.3(A) u.58(PNa) to 1.60(Py) 
Parental PAH -26.4(Pn) to -24.3(A) O.69(Pa) to 1.60(Py) 
Alkylatcd P AH -26.8(PNa) to -24.5(DPa) O.58(PNa) to 1.20(MFIIPy) 
Car soot: 
Overall range -26.9(MPa) to -23.6(Ace) O.07(Ace) to 1.76(BaP) 
Parental PAH -26.3(Chy) to -23 .6(Acc) 0.07(Acc) to 1.76(BaP) 
Alkylated PAH -26.9(MPa) to -25.5(MNa) O.35(MFIlPy) to l.OO(MPa) 
Other comb. sources: 
Overall range -26 .8(MFIIPy) to -25.4(Pa) 
Parental PAH -26.5(BaA/Chy) to -25.4(Pa) 
Alkylated PAH -26.8(MFI/Py) to -26 .0(MPn) 
Crankcase oil: 
Overall range -28.9(Pa) to -26.2(MNa) 0.21 (BaA+Chy) to 1.OO(BFl) 
Parental PAH -28.9(Pa) to -26 .6(Na) 0.2 1 (BaA+Chy) to l.OO(BFl) 
Alkylated P AH -27.8(MPa) to -26.2(MNa) O.22(TNa) to O.87(MNa) 
ClUde oil: 
Arabian (overall) -30.6(DDBT: to -22.7(ONa) 
Calgary (overall) -32.2(OOBT) to -2S .0(ONa) 
Outboanl motor -28.5(Pn) to -24.5(DNa) 
#2 fuel oil (Na only) -27.0(Na) to -2S.5(DNa) 
Road sweeps: 
Open-road (parent) -27.I(BFl) to -23 .7(A) 0.34(BFl) to 1.20(BaA+Chy) 
Asphalt range -30.3(MPa) to -27.3(MNa) 
Cement range -28.4(BFI) to -26.4(BcP+BaP) 
Sewage (parent only) -26.4(BFl) to -24.5(A) 
Snow (parent only) -26.9(BFl) to -24.9(Pa) 
St. John's Harbour: 
Overall range -26.6(MPa) to -24.G(A) 0.21(Pa) to O.96(DPa) 
Parental P AH -26.4(BFI) to -24.6(A) 0.21(Pa) to O.60(Fl) 
Alkylated PAH -26.6(MPa) to -26.0(MPa) O.35(MFIlPy) to O.96(DPa) 
Conception Bay: 
Overall range (parent) -27.2(BFl) to -25 .8(BaA+Chy) O.24(Fl) to O.62(BFl) 
Figure 28. The trend observed in the single and composite fireplace soot 
samples. Composite sample represented by hollow squares. Pa:= 
Phenanthrene, A = Anthracene, MPa = Methyl Phenanthrene, T!Na 
= Phenyl Naphthalene, FI = Fluoranthene, Py = Pyrene, Mfi-Py = 
Methyl Fluoranthene-Pyrene, BaA = Benz(a)anthracene, Chy = 
Chrysene, BFI = Benzofluoranthenes, BeP = Benzo(e)pyrene and BaP 
= Benzo(a)pyrene. 
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analyzed isotopically was noted in some samples and a mean isotopic value of -26.5"/" " 
was obtained for this compound. 
3.4.2 Car soot: 
3.4.2.1 Molecular signature: 
The prominent molecular ions identified in the single and composite car soot 
samples extended from 2-ring linear to 6-ring peri-condensed parental, methylated mtd 
substituted PAH (Table 11). From the range of samples investigated, two prominent 
signatures were evident, some samples had a dominance of 2, 3, 4 and 5-ring species, 
while the 2-ring compounds, naphthalene and methylated naphthalenes were absent in 
others. Methylated 2, 3 and 4-ring PAR were identified, but their parental homologues 
were generally present in greater concentrations. Sulphur subst;cuteJ compounds, 
dibenzothiophene (DEsT) and methylated DBT were also identified along with the mlz 218 
and 226 amu species previously described. The presence of a prominent UCM extending 
from 32 to 66 minutes (RI 1500-2600) was also evident in most analyzed samples 
(Appendix F2). The concentration of the prominent parental PAH in the single and 
composite samples varied significantly and the normalized concentrations are shown in 
Figure 29. The most abundant compounds are methylated 2-ring (MNa) and 3, 4 and S-
ring parental PAH (Pa, FI, Py and BFl). Pa is significantly more abundant than its 
corresponding isomer, A and its methylated derivatives, while FI was generally more 
abundant than Py. 
3.4.2.2 Carbon isotopes: 
The mean and variance in the 0 DC val ues of the prominent PAH identified in the 
composite car soot samples are summarized in Figure 30. Generally. the mean values for 
Table 11. The range of PAH isolated from the single (Sing) and composite 
(Comp) car soot samples. (++ = most abundant compounds that were 
isotopically measurable; + = detected but not isotopically analyzed). 
DBT = Dibenzothiophene, B(ghi)FI = Benzo(ghi)fluoranthene, 
CP(cd)Py = Cyc1openta(cd)pyrene, Ind = Indeno(I23 cd) pyrene, 
B(ghi)Per = Benzo(ghi)perylene, Anthant = Anthanthrene. 
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Figure 29. Mean normalized concentrations of the 2,3,4 and 5-ring PAH in the 
single and composite car soot samples. Na::;; Naphthalene, MNa = 
Methyl Naphthalene, DNa= Dimethyl Naphthalene, TNa= Trimethyl 
Naphthalene, Pa = Phenanthrene, A ~ Anthracene, MPa = Methyl 
Phenanthrene, Fl = Fluoranthene, Py = Pyrene, BaA == 
Benz(a)anthracene, Chy = Chrysene, Bft ::;; Benzofluoranthenes, BeP 
::;; Benzo(e)pyrene and BaP = Benzo(a)pyrene. 
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Figure 30. Mean and range (standard deviation; 2cr) of the 013C of the individual 
2, 3, 4 and 5-ring parental, methylated and substituted PAH isolated 
from the single and composite car soot samples. Na = Naphthalene, 
MNa = Methyl Naphthalene, Ace = Acenaphthene, F = Fluorene, Pa 
= Phenanthrene, A = Anthracene, MPa = Methyl Phenanthrene, PNa 
'" Phenyl Naphthalene, FI = Fluoranthene, Py = Pyrene, BaA :;;: 
Benz(a)anthracene, Chy :;:: Chrysene, BFt :;:: Benzofluoranthenes, BeP 
= Benzo(e)pyrene and BaP = Benzo(a)pyrene 
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the entire suite of compounds ranged between -26.9°/00 and -23 .6°/00 and the variation (SD) 
ranged between 0.07 and 1.76°100 (Tabl.:: 10). The isotopic values of the parental 
compounds ranged between -26.3°/0 0 and -23.6°/00' while the methylated species ranged 
between -26.9°/00 and -25Sloo , with variations of 0.07 to l.76% 0 and 0.35 to l.000/00' 
respectively. Based on the overall range in isoto. ~c values, the compounds can be 
clustered into two group. One consists primarily of parental PAH (Ace, A, Fl, Py, 226 
and BaA) with I:r.riched &13C values ranging between -25.1 %0 to -23.60/00 , The isotopic 
values of the second group (remaining compounds) are more depleted and ranged between 
-26.9% 0 and -25.5%0' With the exception of Ace (-23 .6% 0 ), the isotopic values of the 
parental and methylated 2 and 3-ring compounds ranged between -26.9°/00 and -25.0°/00' 
In comparison, the values for FI, Py, methyl FI-Py, substituted 226 and BaA were 
generally more enriched with mean values ranging between -25 .7°/00 and -24.6%°' 
Finally, the range in olle values (-26.3% 0 to -25.5%0) for Chy (4-ring), BFI, BeP and 
BaP (5-ring) (-26 .3°/00 to -25.6°/00 ) is comparable to the range observed for the 2 and 3-
ring PAH (Figure 30). Anoth~r salient feature of the overall trend, is the more enriched 
oi3C values noted in A and BaA compared to their corresponding isomers Pa and Chy, 
also to a lesser extent Py compared to Fl. Inter-sample variations in the 2 and 3-ring 
compounds were less than the variation observed in the 4 and 5-ring species. 
3.4.3 Other primary combustion sources: 
3.4.3 .1 Molecular signature: 
The molecular signature of the composite soot samples obtained from the power 
generating station (PGS) and two domestic heating furnaces are shown in Table 12. The 
Table 12. The concentration (ng/g) of the dominant compounds isolated from 
the hopper soot of the power generating station and domestic 
furnaces composite soots sampl~s. DBT = Dibenzothiophene, 
B(ghi)FI = Benzo(ghi)fluoranthene, CP(cd)Py = Cyclopenta(cd)pyrene 
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No PAH Mol Wt Stack Hop Dom. Fum. I Dom. Furn. n 
1 Na 128 + 
2 Methyl Na 142 + 
3 Ace 154 + 
4 Dimethyl Na 156 + 
5 Ay 152 + 
6 Dibenzofuran* 168 + + + 
7 F 166 + + 
8 Trimethyl Na 170 + + + 
9 DBT 184 + + + 
10 Pa 178 126! 196 118 
11 A 178 + 
12 MethylOBT* 198 + + 
13 Methyl Pa 192 74 315 117 
14 Methylene-Pal A· 190 + + + 
15 Methyl Pa 192 65 155 39 
16 Phenyl Na 204 + + 
17 Dimethyl Pal A 206 + + 178 
18 FI 202 69 67 161 
19 Py 202 87 63 62 
20 Methyl F1IPy* 216 + + 
21 Methyl FVPy* 216 + + 
22 Trimethyl Pal A 220 + + 
23 . B(ghi)FVCP( cd)Py* 226 + + + 
24 BaA 228 82 79 
25 Chy 228 182 36 
26 Methyl BaAlChy 242 + 
27 BFt 252 85 
28 BeP 252 76 
29 SaP 252 60 
! = Concentrations in nglg of soot material 
+ = Identified 
- ::;: Not detected 
* :;; Tentatively identified by GC-MS 
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composite PGS soot consisted of 2 to 5-ring parental, methylated or substituted 
compounds, with parental PAH more abundant. The methylated PAH consisted mainly 
of mono-, di- and trimethylated Na and Pa. DBT and its methylated homologues, phenyl 
Na and the m/z 226 amu species were also identified. Individual concentrations were 
generally low, with Pa (3-ring) and Chy (4-ring) being the most abundant compounds 
identified in the stack hopper. The furnace soots were collectively characterized by the 
similar dominance of 3 and 4-ring compounds with the methylated Pa (3-ring) in equal 
0 1" greater concentrations than their parental analogue. The 3-ring compounds were 
generally more abundant i'1 both samples, but furnace soot II also had elevated 
concentrations of PI (FIIPy, 2.60 compared to FIIPy, 1.06 in furnace soot T\, All three 
samples were characterized by the absence of a significant UeM. 
3.4.3 .2 Carbon isotopes: 
The 6 13C values of the PAR isolated from the PGS soot ranged between -26.5u/,,0 
and -25 .6°/00 (Figure 31). The parental values ranged between -25.7°/00 and -25.6°/00 and 
the methylated compounds ranged between -26.8%0 and -26.0°/00 (Table 10). In general, 
the parental compounds were isotopically enriched compared to their methylated 
derivatives. PAR isotopic values isolated from furnace soot I ranged between -27.9°/00 
and -25.7%0' The most prominent features are the isotopically depleted MPa and BF!. 
The range in isotopic values of furnace soot II was between -27.3°/00 and -25.4°100, which 
are very similar to the PGS composite soot sample. 
Figure 31. 013C of the individual 3, 4 and 5-ring parental and methylated PAH 
isolated from the power generating station and domestic furnace 
composite soot samples. Pa = Phenanthrene, MPa = Methyl 
Phenanthrene, PNa = Phenyl Naphthalene, DPa = Dimethyl 
Phenanthrene, FI = Fluoranthene, Py :::: Pyrene, BaA+Chy = 
Benz(a)anthracene and Chrysene, BFI = Benzofluoranthenes, BeP+ 
B'P = Benzo(e)pyrene and Benzo(a)pyrene 
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3.4.4 Used crankcase 0il: 
3.4.4.1 Molecular signature: 
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The PAH inventory of individual and composite used crankcase oil samples was 
comprised of a range of parental, methylated and substituted linear 2 to 5-ring peri-
condensed PAH (Table 13). The 2, 3 and 4-ring methylated PAH were the most 
prominent, while parental compounds were less abundant. The samples were also 
collectively characterized by the presence of the sulphur substituted DBT and methyl DBI 
species. Dibenzofuran and phenyl Na were also identified by GC-MS. A variable UCM 
occurring prominently between 40 and 82 minutes (RI 1750-3100) in some samples 
(Figure 14) and between 24 and 63 minutes (RI 1440-2500) in others was also observed 
in the analyzed samples. The mean normalized concentrations of the prominent 
compounds are characterized by the dominance of the 2 and 3-ring parental and 
methylated PAH (Figure 32). With the exception of Py, the concentrations of the higher 
molecular weight compounds (4 and 5-ring) were lower than the 2' and 3-ring species. 
3.4.4.2 Carbon isotopes: 
The carbon isotope values of individual and composite crankcase oil samples are 
summarized in Figure 33. Because of the difficulty in separating the higher molecular 
weight co-eluting isomers, individual mean isotopic values cIe reported for BaA+Chy and 
BeP+BaP. T~.:. mean BI3C values of the individual PAH isolated from the composite 
crankcase oil samples ranged between -28.9%0 and -26.2%0 with maximum sample to 
sample variation ranging between 0.21 and 1.00% 0 (Figure 33; Table 10). The BIlC 
values of the parental compounds ranged between -28.9°/00 and -26.6%0 and the 
Table 13. The range ofPAH isolated from the composite crankcase oil samples. 
(++;;:; most abundant compounds that were isotopically measurable; 
+ ;;:; detected but not isotopically analyzed). 
Dibenzothiophene 
DBT ;;:; 
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No PAH Mol W Comp 1 Comp 2 Comp 3 Comp 4 Comp 5 Comp 6 
I Na 128 + + + + + + 
2 Methyl Na 142 ++ ++ ++ ++ ++ ++ 
3 Methyl Na 142 ++ ++ ++ ++ ++ ++ 
4 Dimethyl Na 156 ++ ++ ++ ++ ++ ++ 
5 Dimethyl Na 156 ++ ++ ++ ++ ++ ++ 
6 Dimethyl Na 156 ++ ++ ++ ++ ++ ++ 
7 Dir.lethyl Na 156 ++ ++ ++ ++ ++ ++ 
8 Dimethyl Na 156 ++ ++ ++ ++ ++ ++ 
9 Dibenzofuran* 168 + + + + + 
10 Trimethyl Na 170 + + + + + + 
1 1 Trimethyl Na 170 ++ ++ ++ ++ ++ ++ 
12 Trimethyl Na 170 ++ ++ ++ ++ ++ ++ 
13 Trimethyl Na 170 + + + + + + 
14 Trimethyl N, 170 + + + + + + 
15 F 166 ++ ++ ++ ++ ++ ++ 
16 Methyl F 180 + + + + + + 
17 DBT 184 + + + + + 
18 Pa 178 ++ ++ ++ ++ ++ ++ 
19 A 178 + + + + + + 
20 MethylDBT 198 + + + + + + 
21 Methyl Pa 192 ++ ++ ++ ++ ++ ++ 
22 Methylene-Pa-A • 190 + + + + + + 
23 Methyl Pa 192 ++ ++ ++ ++ ++ ++ 
24 Phenyl Na 204 ++ ++ ++ ++ ++ ++ 
25 Dimethyl Pa 206 ++ ++ ++ ++ ++ ++ 
26 Dimethyl Pa 206 ++ ++ ++ ++ ++ ++ 
27 Dimethyl Pa 206 ++ ++ ++ ++ ++ ++ 
28 FI 202 ++ ++ ++ ++ ++ ++ 
29 Py 202 ++ ++ ++ ++ ++ ++ 
30 Trimethyl Pal A· 220 + + + + + 
31 Trimethyl Pa/A· 220 + + + + 
32 Methyl FI-Py* 216 ++ ++ ++ ++ ++ ++ 
33 Methyl FI-Py* 216 ++ ++ ++ ++ ++ ++ 
34 Methyl FI-Py· 216 ++ ++ ++ ++ ++ ++ 
35 Dimethyl FI-Py· 230 + + + + + + 
36 Dimethyl FI-Py· 230 + + + + + + 
37 BaA 228 ++ ++ ++ ++ ++ ++ 
38 Chy 228 ++ ++ ++ ++ ++ ++ 
39 . Methyl BaA-Chy' 242 + + + + + + 
40 BFI 252 ++ ++ ++ ++ ++ ++ 
41 BeP 252 ++ ++ ++ ++ ++ ++ 
42 BaP 252 + + + + + + 
++ - Most abundant 
• = Tentatively identified by GC-MS 
Figure 32. Mean normalized concentrations of the 2, 3, 4 and 5-rin : ? AH in the 
composite crankcase oil samples. PAH concentrations in the single 
samples were summed and treated as an individual composite sample. 
Na == Naphthalene, MNa = Methyl Naphthalene, DNa == Dimethyl 
Naphthalene, TNa = Trimethyl Naphthalene, F "" Fluorene, Pa ::: 
Phenanthrene, A ::;;; Anthracene, MPa == Methyl Phenanthrene, DPa 
= Dimethyl Phenanthrene, FI ::: Fluoranthene, Py = Pyrene, BaA = 
Benz(a}anthracene, Chy = Chrysene, BFl :;:: Benzofluoranthenes, BeP 
= Benzo(e}pyrene and BaP = Benzo(a)pyrene 
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Figure 33 . Mean and range (standard deviation; 20-) of the ODC of the individual 
2, 3, 4 and 5-ring parental and methylated PAR isolated from the 
composite crankcase oil samples. Isotopic values of the PAH in the 
single samples were summed and treated as an individual composite 
sample. Na = Naphthalene, MNa = Methyl Naphthalene, DNa = 
Dimethyl Naphthalene, TNa = Trimethyl Naphthalene, F = Fluorene, 
Pa = Phenanthrene, MPa = Methyl Phenanthrene, PNa = Phenyl 
Naphthalene, DPa = Dimethyl Phenanthrene, FI = Fluoranthene, Py 
= Pyrene, MFI-Py = Methyl Fluoranthene-Pyrene, BaA+Chy = 
Benz(a)anthracene and Chrysene, BFI = Benzofluoranthenes, 
BeP+BaP = Benzo(e)pyrene and Benzo(a)pyrene 
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variance was similar to that reported above. The 81.\e values of the methylated specie:; 
ranged between -27.8%0 and -26.2<J/~u' with variations between 0.22 and O.Sr/
ll
". The 
general trend is characterized by isotopically enriched Na and MNa and significul1tly 
depleted Pa and Py. These trends were consistently reflected in all the samples 
investigated in the present study. The BUe values of the remaining 4-ring (Fl, Methyl 
Fl-Py, BaA+Chy) and 5-ring (BFI and BeP+BaP) ranged between -28 .0°100 and .26.9°/.).,. 
Pa and Py were cOf.sistently more depleted than their methylated derivatives and FI was 
consistently more enriched than Py. Inter-sample variation was similar for most 
compounds, except for the parental PAH, p'nenyl Na and the BFI, with mean variations 
of 0.97 and 1.00 °100 , respectively. MNa and DPa also had high variations of 0.900/.,lI' 
3.4.5 Other primarY petroleum sources: 
The following section briefly describes the molecular and carbon isotope signatures 
of crude petroleum, #2 fuel oil (fresh petroleum samples) and the hulk condensate 
collected from two-stroke outbo::trd motor engines (used petroleum sample; Table 14). 
These samples were analyzed to further constrain l~;e isotopic signatures of petroleum-
. related compounds. 
3.4.5.1 Molecular signature: 
The molecular signature of the crude petroleum samples comprised 
predominantly of 2 and 3-ring parental, mono-, di- and trimethylated naphthalene and 
phenanthrene as well as sulphur substituted PAH, DBT and its methylated homologues. 
The methylated PAH were the most prominent, while the parental compounds were less 
abundant. A relatively small UCM extending frum 17 to 40 minutes (RI ;;;;; 1210- 1750), 
Table 14. The range of PAH isolated from crude petroleum and petroleum 
products. (++ = most abundant compounds that were isotopicaHy 
measurable) . Arab. Crude = Arabian Crude, Cal Crude == Calgary 
Crude, C.Case Oil = Crankcase Oil, O.board Motors = Two-stroke 
outboard motors. 
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No PAH Mol W to Arab Cal C.Case O.board # 2 Fuel 
Crude Crude Oil Motors Oil 
I Na 128 ++ ++ + ++ ++ 
2 Methyl Na 142 ++ ++ ++ ++ ++ 
3 Methyl Na 142 ++ ++ ++ ++ ++ 
4 DimethylNa 156 ++ ++ + ++ ++ 
5 DimethylNa 156 ++ ++ ++ ++ ++ 
6 Dimethyl Na 156 ++ ++ ++ ++ ++ 
7 Dimethyl Na 156 ++ ++ ++ ++ ++ 
8 Dimethyl Na 156 ++ ++ ++ ++ ++ 
9 TrimethylNa 170 ++ ++ + ++ ++ 
10 Trimethyl Na 170 ++ ++ + ++ ++ 
11 Trimethyl Na 170 ++ ++ ++ ++ ++ 
12 Trimethyl Na 170 ++ ++ + ++ ++ 
13 DBT 184 ++ ++ ++ + ++ 
14 Pa 178 ++ ++ ++ ++ 
15 MethylDBT 198 ++ ++ + + 
16 MethylDBT 198 ++ ++ + + 
17 MethylDBT 198 ++ ++ + 
18 Methyl Pa 192 ++ ++ ++ ++ 
19 Methyl Pa 192 ++ ++ ++ + 
20 Dimethyl DBT* 212 ++ ++ + + 
21 Dimethyl DBT'" 212 ++ ++ + + 
22 DimethylDBT* 212 -H ++ + 
23 Dimethyl Pal A * 206 ++ ++ ++ 
24 Trimethyl DBT* 226 ++ ++ + 
25 Trimethyl DBT* 226 ++ ++ + 
26 Fl 202 ++ ++ 
27 Py 202 + ++ ++ 
28 BaalChy 2281228 ++ + 
29 BFI 252 ++ + 
30 BaP/BeP 2521252 ++ + 
* = Tentatively identified by GC-MS 
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was also notable in these samples. Despite the difference in the nature of the #2 fuel oil 
and the outboard motor condensate samples they both had very similar molecular 
signatures, except for the presence of -+ and 5-ring parental compounds in the latter 
sample. 
3.4.5.2 Carbon isotopes: 
Individual isotopic measurements were generally possible only on the more 
abundant methylated PAH in the crude oil samples. Na and Pa were the only adequately 
resolved parental compounds allowing isotopic determinations. Despite a 0.25 to 2.93°/"° 
difference in the isotopic values of the individual compounds, both crude oil samples had 
similar trends of isotopically enriched BI3C values for Na and MNa and relatively depleted 
Pa and DBT (Figure 34). The PAH BIle values of the Arabian crude ranged between -
30.6°/"0 and -22.7% 0 and values of the Calgary crude ranged between -32.2"/00 and 25.0"/00-
These values are significantly less depleted than those reported by Chung (1992). 
Differences were also observed in the isotopic values of alkylated isomers, e.g. dimethyl 
Na, values ranged between -27.0"/0" and -23.9% 0. The methylated DBT isomers exhibited 
the most consistent trends becoming increasingly enriched in 13C with different sites of 
alkylation (Figure 34). 
The BIle values of the parental and methylated PAR isolated from the condensate 
of the two-stroke outboard motor ranged between -2&.5%0 and -24.5%0 (Figure 35), with 
no obvious difference between the values of the parental and methylated compounds. 
Similar to the ~rude oils, the most distinctive feature of the Gutboard motor condensate 
is the presence of isotopically enriched methylated Na's (2-ring), with more depleted 3 
and 4-ring compounds. Meth::lated naphthalenes were the most prominent species 
Figure 34. 8 13e of the individual 2 and 3-ring parental and methylated PAH 
isolated from the two crude petroleum samples. Na = Napht.halene, 
MNa :;:: Methyl Naphthalene, DNa = Dimethyl Naphthalene, TNa :;:: 
Trimethyl Naphthalene, DBT = Dibenzothiophene, Pa :;:: 
Phenanthrene, lVIDBT :;:: Methyl Dibenzothiophene, MPa :;:: Methyl 
Phenanthrene, DPa = Dimethyl Phenanthrene, DDBT :;:: Dimethyl 
Dibenzothiophene, Trimethyl Dibenzothiophene 
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Figure 35. The BI3e values of individual PAH isolated from outboard motor 
condensates compared to the Bile of used crankcase oils. Na = 
Naphthalene, MNa = Methyl Naphthalene, DNa = Dimethyl 
Naphthalene, INa = Trimethyl Naphthalene, Pa:::: Phenanthrene, MPa 
::: Methyl Phenanthrene, FI :;: Fluoranthene, Py = Pyrene 
~ 
E 
I..... 
Q) 
Cl.. 
.......... 
0 
I"') 
..-
c:o 
162 
-22 .-----------------------------------------~ 
-24 
-26 
-28 
o Crankcase Oil 
• Outboard Motor 
2-Ring 
Pa Py 
-30 ~----------------------------------------~ 
PAH (increasing mol. wt -» 
163 
identified in #2 fuel oil and the isotopic values ranged between -27.0"IO() and -25 .5"1"" and 
followed very similar intermolecular trends as the other petroleum products investigated 
(Figure 36). 
3.5 Molecular and carbon isotope signatures of the secondary sOUl·ces: 
3.5.1 Road surface sweeps: 
3.5.1.1 Molecular signature: 
The suite of road surface sweeps investigated consisted of samples from open 
roads and from underground car parks with either a cement or as~halt paved surface. The 
combined molecular signatures of these samples are shown in Table 15 . Open-road 
samples (n = 9) were generally characterized by the dominance of a UCM extending from 
40 to 65 minutes (RI 1750-2500) with well resolved 3, 4 and 5-ring parental PAH in 
measurable concentrations (Figure 37; Appendix F2). Although only in trace 
concentrations, a range of other parental, methylated and substituted compounds were also 
identified: Na, F, DBT and methylated Na, DBT, Pa, Fl-Py and BaA-Chy. Dibenzofuran, 
.phenyl Na and the rnIz 226 amu compound were also identified in most of the samples 
investigated. A plot of the mean normalized concentration shows that the 3 (Pa), 4 and 
5-ring parental PAH are the most abundant compounds in the open-road sweeps (Figure 
37). Fl concentrations were gen6iclly slightly higher than Py, while Pa was significantly 
more abundant than A. The molecular signature of the composite sweep from the cement 
paved car park was similar to the open-road surface signature. However, the 
concentration of the resolved compounds from the cement paved surface were generally 
lower with Fl dominating. 
Figure 36. The BDe values of Naphthalene (Na), Methyl Naphthalene (MNa), 
Dimethyl Naphthalene (DNa) and Trimethylated Naphthalenes (TNa) 
isolated from crude petroleum and petroleum products. 
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Table 1 S. The range of PAH isolated from open-road and enclosed car park 
sweep samples. (++ = most abundant compounds that were 
isotopically measurable; + = detected but not isotopically analyzed). 
DBT ~ Dibenzothiophene, B(ghi)FI =Benzo(ghi)fluoranthene, 
CP(cd)Py = Cyclopenta(cd)pyrene, I(cd)Py= Indeno(I'23 cd) pyrene, 
B(ghi)Per = Benzo(ghi)perylene, Anthant= Anthanthrene. 
No PAH MolWt Sing 1 Sing 2 Sing 3 S:ng4 Sing 5! Sing6!! Sing 7 SingS Sing 9 Sing 10 Sing 11 
I Na 128 + + + + + 
2 MethylNn 142 + + ++ + + 
3 MethylNa 142 + ++ + 
4 Are 154 + + + 
5 DimethylNa 156 ++ + + 
7 Dibenzofuran· 168 + + + ++ + + 
& Trimethyl Na 170 + T 
9 F 166 + + + + + ++ + + + + 
10 DBT 184 + + + + + + + + 
11 PIl 178 ++ ++ ++ ++ ++ ++ ++ ++ +T T+ +T 
12 A 178 + + + ..-+ + + + ++ 
b M~lhyl-DBT 198 + + + -;- + 
14 Methyl Pa 192 + + H - + ..-+ + +-i- + + -~ 
15 Melhylc!ne Pa-A' 190 + + + + + -;-
16 Methyl Pu 192 + + + ++ + 
17 Phenyl Na 204 + + + + + + + + + + 
18 Dimethyl Pa 206 + + + + ++ + ++ + + + 
19 FI 202 ++ +..- ++ ++ -;--,- -H- +..- ++ ++ ++ +. 
20 Py 202 ++ ..--;- ++ +..- ++ ++ -.+ .,. .,.- +..- TT 
21 Trimctyl Pa-A· 220 + + + + + + -'- + 
22 Methyl Fl-Py' 216 + + + + -;- -;- -;-
23 Methyl-Fl-Py' 216 + + -;- + + 
24 Methyl Fl-!')" 230 + + + + 
25 B(ghi)FlfCP(cd)Py' 226 + + + + + + 
26 BaA 228 ..-+ ..-+ +..- h - + + + 
27 Chy 228 
-
...... ++ ++ + 
28 Methyl BaA-Chy' 242 + + 
29 BFl 252 +.,. 
-
++ 
-30 Bel' 252 ++ +.,. ++ ...... +T ..,. ++ -.-+ 
31 SaP 252 +..- +..- ...... ++ +-+ ++ h 
32 Perylene 252 + 0;. .0-
33 I(cd)PyiB(ghi)Per/Anth' 276 + + + 
34 I( cJ)PylB(ghi)Per.'Anth· 276 + + 
! - Cement Ps,-ed Car Park 
!! = Asphalt Paved Car Park 
++ = Most abundant 
• = T c:ntathely idc:ntiiied by GC-MS 
0-
--..J 
Figure 37, The mean normalized concentrations of the 2, 3, 4 and 5-ring PAR 
isolated from the open-road sweeps and enclosed cement and asphalt 
paved car park samples. MNa = Methyl Naphthalene, Pa = 
Phenanthrene, MPa = Methyl Phenanthrene, Fl :: Fluoranthene, Py 
=Pyrem', BaA == Benz(a)anthracene, Chy = Chrysene', BFl = 
Benzofluoranthenes, BeP = Benzo( e )pyrene and SaP Benzo( a)pyrene 
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The signature of the asphalt paved surface sweep was bimodal (two distinct humps), 
consisting initially of 2 and 3-ring parental and methylated compounds, followed by 4 and 
5-ring parental PAH (Figure 37). Methylated Na, Pa and its methylated derivatives were 
the most abundant compounds in this composite sample. The UeM was not as prominent 
~s that identified in both the open road surface and the cement paved car park. 
3.5 .1.2 Carbon isotopes: 
The isotopic signatures of the PAH extracted from the different road surface 
sweeps, along with the mean and variation of the individual PAH from the opelHoad 
samples are shown in Figure 38. Since the total PAH concentrations in the open road 
samples were relatively low, individual isotopic measurements of A and the methylated 
Pa were only performed on a limited number of samples. Individual isotopic values are 
again reported for BaA+Chy and BeP+BaP. The overall mean isotopic values ranged 
between -27.1 %0 and -23.7% 0 with variations ranging between 0.34 to 1.25% 0 (Table 1 0). 
The most prominent features in the overall trend are isotopically enriched A (-23.7% 0 ), 
depleted BaA+Chy, BFI and BeP+BaP (-26.5, -27.1%0 and -26.1%0) and intermediate 
values for Pa, methyl Pa, FI and Py (-25.7%0 to -25.1(100)' The general trend is for the 
isotopic value of the individual compounds to show increasing depletion in 13C with 
increasing molecular weight. The isotopic values of the corresponding PAH isolated from 
the underground car park sweeps were significantly depleted. especially the sweep from 
the aspb,jt paved surface (Figure 38). The 8 13C values of th~ parental and methylated 
PAH isolated from these composite samples ranged between -30.4°100 and -27.3°100 , for 
asphalt and -28.4%0 to -26.4°'00' cement. Parental PAH were the only compounds present 
Figure 38, Mean and range (standard deviation; 20') of the ol3C of the individual 
3,4 and 5-ring parental and methylated PAH isolated from the single 
open-road sweep samples along with the o13e values of the PAR 
from the cement and asphalt paved enclosed car park. MNa = 
Methyl Naphthalene, DNa = Dimethyl Naphthalene, F = Fluorene, 
Pa = Phenanthrene, MPa = Methyl Phenanthrene, Fl = Fluoranthene, 
Py = Pyrene, BaA+Chy = Benz(a}anthracene and Chrysene, BFt = 
Benzofluoranthenes, BeP+BaP = Benzo( e)pyrene and Benzo(a)pyrene 
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sufficient quantities for isotopic determination in the cement paved extract. 
3.5.2 Untreated domestic sewage: 
3.5.2.1 Molecular signature: 
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The molecular trace for the two untreated domestic sewage samples were s~milar 
and consisted primarily of well-resolved 3, 4 and 5-ring parental PAH, along with a 
prominent UCM extending from 32 to 80 minutes (RI :: 1500-3100) (Figure 39). The 
prominent compounds identified in measurable concentrations were 3, 4 and 5-ring 
parental PAH and 3-ring methylated compounds (Figure 40). Fl and Py were the most 
abundant, and Pa, Chy and BFl were in comparable concentrations. Again, relatively low 
concentration of A and methylated Pa were observed. 
3.5.2.2 Carbon isotopes: 
Only parental compounds and one isomer of methyl Pa was present in sufficient 
quantities for reliable isotopic determinations. Generally, the isotopic values of the 3 to 
5-ring PAH ranged between -26.4% 0 and -24.5%0 (Figure 41). The' trend suggests that 
the isotopic values of the individual compounds become gradually depleted with 
increasing molecular weight. The most notable features in the overall isotopic signatures 
were the presence of enriched A, relatively depleted Py compared to FI and depleted BFI 
and BeP+BaP. 
3.5 .3 Composite snow: 
3.5 .3.1 Molecular Signature: 
The molecular signature of the composite snow sample was characterized by the 
presence of well-resolved 3, 4 and 5-ring parental PAH along with a prominent UCM 
Figure 39. Total ion chromatogram (TIC) of a sewage sample comprising mainly 
of 3, 4 and 5-ring parental PAH. IS::: Internal standard, I = 
Phenanthrene and Anthracene, 2 = Fluoranthene, 3 "" Pyrene, 4 "" 
Benz(a)anthracene and Chrysene, 5 = Benzofluoranthenes and 6 = 
Benzo(e)pyrene and Benzo(a)pyrene. 
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Figure 40. Mean normalized concentrations of the 3, 4 and 5-ring parental and 
methylated PAR in the sewage samples. Pa = Phenanthrene, A = 
Anthracene, rvtPa = Methyl Phenanthrene, FI = Fluoranthene, Py = 
Pyrene, BaA = Benz(a)anthracene, Chy = Chrysene, BFI = 
Benzofluoranthenes, BeP = Benzo(e)pyrene and BaP = 
Benzo(a)pyrene. 
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Figure 41. Mean 8 13C of the individual 3, 4 and 5~ring parental PAH isolated 
from the sewage samples. Pa:::: Phenanthrene, A :::: Anthracene, FI 
:::: Fluoranthene, Py :::: Pyrene, BaA+Chy :::: Benz(a)anthracene and 
Chrysene, BFI :::: Benzofluoranthenes, BeP+BaP :::: Benzo(e)pyrene 
and Benzo(a)pyrene 
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extending from 40 to 80 minutes (RI 1750-3100) (Figure 42). The most abundant 
compounds present were 3, 4 and 5-ring parental PAH along with generally low 
concentrations of methylated species. The concentration of these compounds ranged 
between 0.20 Ilg and 2.95 Ilg/g with Pa, FI and Py being the most abundant. Trace 
concentrations of 3 to 5-ring methylated PAH, OBT and its methylated derivatives were 
also identified. 
3.5.3.2 'Carbon isotopes: 
The Ol3C values of the 3 to 5-ring parental compounds isolated from the composite 
snow sample ranged between -26.9% 0 and -24.9°/"". The overall intermolecular trend in 
O\3C values was increasing depletions in \3C with increasing molecular weight. Pa is the 
most enriched (-24 .9°/00) while Py (-25 .7°/00 ) is comparable to FI (-25.4%0)' BaA+Chy 
and BFI are the most depleted, with similar B\3C values (-26.9°/oJ 
3.6 Molecular and carbon isotope signatures of St. John's Har'bour sediments: 
3.6.1 Molecular signature: 
The molecular signatures of prominent PAH isolated from St. John's Harbour 
sediments are summarized in Table 16. The P AH ranged from 2 to 6-ring parental, 
methylated and sulphur substituted derivatives with a prominent UCM extending from 30 
to 60 minutes (RI = 1566-3100; Appendix F3) The dominant compounds comprised of 
4-ring parental and methylated PAH and 5-ring peri-condensed systems, along with 
angular and linear 3-ring species (Pa and A) and their methylated derivatives. Retene, the 
3-ring substituted m/z 218 amu compound and the m/z 226 amu compounds were also 
Figure 42. Total ion chromatogram (TIC) of the composite roadside snow 
sample comprising mainly of 3 and 4 parental PAH. IS;;;;: Internal 
standard, 1 == Phenanthrene and Anthracene, 2 ;;;;: Fluoranthene, 3 = 
Pyrene, 4 ;;;;: Benz(a)anthracene and Chrysene, 5 ;;;;: Benzofluoranthenes 
and 6 ;;;;: Benzo(e)pyrene and Benzo(a)pyrene. 
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Table 16. The range of PAR isolated from the surface and deeper sediment 
samples of St. John's harbour. (++ = most abundant compounds that 
were isotopically measurable; + = detected but not isotopically 
analyzed). DBT = Dibenzothiophene, B(ghi)FI = 
Benzo(ghi)fluoranthene, CP(cd)Py = Cyclopenta(cd)pyrene, Ind = 
fndeno(123 cd) pyrene, B(ghi)Per = Benzo(ghi)perylene, Anth = 
Anthanthrene 
Mol Sam Sum Slim Sam Sam Sam Sum Sam Slim 
No PAH wt. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
IS 
16 
17 
)8 
19 
20 
21 
22 
23 
24 
Na 
MeUlyl No 
Methyl No 
Ace 
Dimethyl Na 
Ay 
Dibenzofuran* 
TrimeUtyl Na 
F 
DBT 
Po 
A 
MeUtyl DBT 
McUtyl Pa 
Methylene Pa-A 
MeUtyl Pa 
PhenylNa 
DimeUtyl Pa 
FI 
Py 
Unknown 
Trimelbyt Pa-
Melbyl FI-Py· 
Melbyl Fl-Py· 
25 Retcne-
26 Dimethyl FI-Py* 
27 B(ghi)FVCP{cd)Py* 
28 BaA 
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29 Chy 228 
30 MeUtyl BaA-Chy- 242 
31 BFl 252 
32 BeP 252 
33 BaP 252 
34 perylcne 252 
35 IndlB{ghi)per/Anth* 276 
36 IndIB{ghi)per/Anth· 276 
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prominent. The 2-ring Na, methylated Na and sulphur substituted compounds, OBT and 
methyl DBT were generally present in trace concentrations. The concentration of 
individual PAH in surface sediments vari~d significantly. A plot of mean concentrations 
showed that 3, 4 and 5-ring parental PAH were most prominent in surface sediments, with 
FI and Py being the most abundant (Figure 43) . In general, concentrations of FI were 
greater than Py, while Pa, BaA, Chy, BFI had similar concentrations. The mean 
concentration of A and methylated Pa were generally low, while perylene, a presumed 
diagenetic compound was also present in measurable concentrations. Generally, the 
concentrations of the prominent PAH decreased with depth but a slight increase in 
concentrations wac; observed at 20 cm (Figure 44). The concentration of individual 
anthropogenic PAH (excluding perylene) at 30 cm, varied between 0.04 and 0.11 Ilg/g, 
while the range for the corresponding compounds outside the Harbour was between 0.05 
and 0.09Ilg/g. Concentration of perylene in the top 30 cm of core 18 decreased, going 
from 1.57 Jlg/g at the surface to 0.47 Ilg/g at a depth of 30 cm (dry wt.) . Retene 
concentrations are not reported, because authentic standard were not available although 
they appear to remain relatively constant with depth. 
3.6.2 Carbon isotopes: 
. The mean carbon isotope signatures of the 3, 4 and 5-ring parental, substituted and 
methy lated P AH in surface (n== 1 0) and the deeper sediments of core 18, ranged between 
-26.6%0 and -24.8°/00 (Figure 45), with a variation rangin5 between 0.21 and 0.96%0' The 
parental compounds ranged between -26.4%0 and -24.6% 0 , with a variation of 0.20 to 
0.60%0 and their methylated homologues between -26.5%0 and -26.0%0' with variations 
Figure 43. Mean surface concentrations (ng/g) of the 3-ring parental and 
methylated compounds and 4 and 5-ring parental PAH normalized 
to % total organic carbon (TOC) in St. John's Harbour and 
Conception Bay. Pa:::: Phenanthrene, A :::: Anthracene, MPa = 
Methyl Phenanthrene, FI = Fluoranthene, Py = Pyrene, BaA = 
Benz(a)anthracene, Chy = Chrysene, BFI:= Benzofluoranthenes, BeP 
= Benzo(e)pyrene, BaP = Benzo(a)pyrene and Pery = Perylene. 
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Figure 44. Change in individual PAH concentrations (J-lg/g of dry sediment) with 
increasing depth. 
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Figure 45. Mean and range (standard deviation; 20') of the ol3C of the individual 
3, 4 and 5-ring parental and methylated PAH isolated from the 
surface sediments in St. John's Harbour Pa ::::; Phenanthrene, A = 
Anthracene, MPa = Methyl Phenanthrene, PNa ::::; Phenyl 
Naphthalene, Dimethyl Phenanthrene, FI ::::; Fluoranthene, Py = 
Pyrene, MFI-Py = Methyl Fluoranthene-Pyrene, BaA ::: 
Benz(a)anthracene, Chy = Chrysene, BFI = Benzofluoranthenes, BeP 
::::; Benzo(e)pyrene and BaP :;:: Benzo(a)pyrene 
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of 0.35 to 0.96% 0 (Table 10). The substituted compounds, retene and the 226 species had 
mean values of -26.3% 0 and -26.7°/uo, respectively. Consistent isotopic values were not 
obtained for perylene because of poor chromatographic resolution. Generally, the isotopic 
values of the parental compounds became progressively depleted with increasing 
molecular weight and there was no obvious tnmd in the methylated PAH (values as 
above). The most distinctive features in the overall trend can be summarized as 
significantly enriched A, Pa more enriched than MPa, and Py marginally more depleted 
than its corresponding isomer Fl. The latter observation is quite interesting in that only 
crankcase oil exhibited this pattern among the investigated primary sources. BaA and 
Chy have similar isotopic values and BFI are marginally more depleted than BaP. The 
variation in the individual isotopic measurements was similar for all compounds and lower 
than that observed in the primary and secondary source samples. No dramatic changes 
in Ol3C values of individual compounds were observed with increasing depth (Figure 46). 
Notable exceptions are FI and Py that appear clearly enriched at 30 cm. The variation 
in the ol3e values of the other compounds are within the variations observed within the 
same depth levels. 
3.7 Molecular and Carbon isotope signatures of Conception Bay sediments: 
3.7.1 Molecular signature: 
The series of compounds isolated from the surface and deeper sediments from 
Conception Bay ranged from 2 to 5-ring parental and methylated PAH along with some 
sulphur heterocyclics (Table 17). In distinct contrast with St. John's Harbour sediments 
Figure 46. Change in the 613C values of the individual P AH isolated from Core 
18 (sampled inside St. John's Harbour) with increasing depth. Error 
bars (staradard deviation; 2a) represents the mean variation recorded 
for the corresponding compounds in the surface sediments. Pa:::; 
Phenanthrene, A = Anthracene, MPa :::; Methyl Phenanthrene, PNa 
:::; Phenyl Naphthalene, Dimethyl Phenanthrene, FI = Fluoranthene, 
Py == Pyrene, MFI-Py = Methyl Fluoranthene-Pyrene, BaA = 
Benz(a)anthracene, Chy = Chrysene, BFl = Benzofluoranthenes, BeP 
= Benzo(e)pyrene and BaP = Benzo(a)pyrene. 
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Table 17. The range of PAH isolated from the surface and deeper sediment 
samples of Conception Bay. (++ = most abundant compounds that 
were isotopically measurable; + ::: detected but not isotopically 
analyzed). 
No PAR Mol CC6 CW4 
Ion 2cm 2cm 
1 Na 128 + + 
2 Ace 154 + + 
3 Methyl Na 156 + + 
4 Dibenzofuran* 168 + + 
5 F 166 + + 
6 Pa 178 ++ ++ 
7 A 178 + + 
8 Methyl DBT 198 + + 
9 Methyl Pa 192 + + 
10 Methvlene Pa-A * 190 + + 
II Methyl Pa 192 + + 
12 Dimethyl Pa 206 + + 
13 FI 202 ++ ++ 
14 Py 202 ++ ++ 
15 Methyl Fl-Py· 216 + + 
16 Methyl FI-Py* 216 + + 
17 Retene* 234 ++ ++ 
18 BaA 228 ++ ++ 
19 Chy 228 ++ ++ 
20 BFl 252 ++ ++ 
21 BeP 252 ++ ++ 
22 BaP 252 ++ ++ 
23 Perylene 252 ++ ++ 
++ = Most abundant 
• = Tentatively identified by GC-MS 
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the molecular signature of these sediments was characterized by the absence of a 
significant UCM (Appendix F3). The low molecular weight compounds, including Na 
and its substituted homologues, Ace, F were not present in sufficient quantities to be 
isotopically measured (detected using specific ion monitoring) . The compounds present 
in measurable concentrations were 3, 4 and 5-ring parental and 3-ring methylated PAH. 
While the PAH molecular distribution were similar to the Harbour sediments, the 
concentrations of the individual compounds in the Conception Bay sediments were 
significantly lower (Figure 43). In general, the concentration of the parental PAH in 
surface sediments did not vary significantly, and mean concentrations ranged between 
23 .9 nglg and 3S.6 nglg (dry weight) . The concentration of individual PAH fluctuated 
with depth, but some (e.g. , Chy and BFI) clearly decreased with increasing depth. 
Perylene is an exception showing higher concentrations in the deeper samples (Figure 47). 
Again, retene is present but was not quantified, although it seemed to remain fairly 
constant with depth. 
3.7.2 Carbon isot;)pes: 
Because of the relatively low individual PAH concentrations, only mean isotopic 
values for isomers of BaA+Chy and BeP+BaP are reported. The onC values of the 3, 
4 and 5-ring parental PAH ranged between -27.2°100 and -25 .8°100 (Table 10). The mean 
isotopic signatures of Pa, FI, Py, BaA+Chy and BeP+BaP were very similar with valu~s 
ranging between -26.5°/00 and -25.8°/0 0 and a variation between 0.24°100 and 0.47°100 (Figure 
48). However, the mean isotopic value of the BFI was slightly more depleted, with a 
mean value of -27.2°/00 and a standard deviation of 0.62%0. Generally, the S-ring 
compounds were isotopically lighter chan the 3 and 4-ring species. Similar to what was 
Figure 47. Change in individual PAH concentrations (ng/g of dry sediment) with 
increasing depth in Conception Bay :;ediments. 

Figure 48. Mean and standard deviation (20') of the ol3C of the individual 3,4 
and 5-ring parental PAH isolated from the surface sediment samples 
in Conception Bay. Pa:: Phenanthrene, A = Anthracene, FI = 
Fluoranthene, Py = Pyrene, BaA+Chy = Benz(a)anthracene and 
Chrysene, BFt = Benzofluoranthenes, . BeP+BaP = Benzo(e)pyrene 
and Benzo(a)pyrene. 
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observed in the Harbour, there was no significant deviation in the isotopic signatures of 
the PAH with increasing depth and any variatIons in the individual measurements were 
within variations observed with a given depth and the analytical precision (Figure 49). 
Finally, the isotopic values of retene ranged between -28.1°/00 and -24S'I,,~, with a mean 
variation of 0.77°/00 , while perylene ranged between -25 .2°1"" and ·22.4"1,,0' with a variation 
of 0.82°/00-
Figure 49. Mean and standard deviation of the Ol3C values of the individual 
parental PAH with increasing depth. BaA+Chy = Benz(a)anthracene 
and Chrysene, BFI = Benzofluoranthenes 
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4.0 DISCUSSION 
4.1 Accuracy and precision of CSIA determinations using standard and field 
samples: 
With the exception of Na and F, there are no significant differences among 
isotopic values obtained for Ace, Pa, A, FI, Py, BaA, B(b)FI and BaP using conventional 
IRMS and GC/CIIRMS methods of analysis (rank sum two-sample Mann-Whitney test). 
Taking the Sl3C of the conventional measurements to be the "true" isotopic values of the 
standard PAH, the accuracy of the GC/CIIRMS measurements of these compounds were 
within 0.41 0 / 00 of the conventional IRMS values. The apparent systematic shift towards 
lighter isotopic values, though interesting, is not statistically significant and mean va!t,es 
for most compounds are within precision limits of the instrument. There is no obviC)us 
explanation for the anomalous difference in the SDC values of Na and F using the two 
measurements techniques, since the precision of the repeated measurements was well 
within the limits of precision of both instruments. The precision in the GC/CIIRMS 
measurements was similar for the 2, 3 and 4-ring compounds, but a slight increase in 
variation was observed for the higher molecular weight 5-ring PAR. This loss of 
precision in SnC is likely related to the loss of chromatographic resolution resulting in 
peak broadening and loss of precision (e.g., Goodman and Brenna, 1992) for late eluting 
peaks. 
The field samples selected to assess the reproducibility of GC/CIIRMS 
determinations had variable backgrounds levels (UCM). The magnitude of the 
background changed in the general sequence: sediment >fire soot >car soot. These 
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samples were both manually (guided by the internal standards) and automatically 
background corrected. The use of internal standards with known isotopic values aided 
the careful selection of background points so that the ODC values of the individual PAH 
sitting on a significant UCM could be reliably determined. For weIl separated 
compounds, reproducibility of the 81lC values was within the precision range recorded 
for the individual PAH of the standard solution. This is true regardless of background 
levels. However in some samples, the precision of the replicate isotopic measurements 
was greater for the higher molecular weight isomeric compounds. This was particularly 
evident in the 4 and 5-ring (BaA+Chy and BeP+BaP) species (Figure 18), even though 
tht" maximum variation was recorded for anthracene in the fireplace soot sample (Figure 
17). The anomalous variation in the anthracene isotopic values may be related to poor 
separation due to the dissimilarity in the concenl:ration of Pa and A (isomers) in the 
extract. 
In the case of weIl separated compounds, there was no relationship between the 
magnitude of the UCM and the reproducibility of the individual isotopic measurements. 
The precision of the internal standards (Ace, C21 and C1S ) did not vary significantly in the 
three field samples despite the difference in the intensity of their UCM's. The anomalous 
variation in the precision in the C21 standard of the fireplace soot extract was due mainiy 
to the difficulty in resolving this peak from a coeluting peak. Similar to the stand,lrd 
PAH solution, the precision of the internal standards degraded somewhat with increasing 
molecular weight. De~pite the low background in the car soot, variation in the 
measurement of the individual CS 13C PAH values was greater than that observed for the 
207 
s~diment and fire soot samples. This variation, particularly in the 4 and S-ring isomeric 
compounds, may be due primarily to peak broadening effects (overlapping) and the 
differential concentrations of these compounds in the sample e){tract. The variation in the 
precision of these higher molecular weight compounds was significantly improved by 
using faster temperature ramp rates during the initial stages of the chromatography. This 
resulted in sharper and better resolved peaks. Reproducibility of measurements on the 
field samples was also assessed by comparing the oJ3e of the recovered internal standards 
to their respective conventional IRMS values. BDe values of the internal standards in the 
sediment and fire soot samples ranged between 0.07 and 0.23°/00 of their respective 
conventional BIle values using manual background subtraction. The Bl3e values of the 
internal st:mdards in the car £)ot sample were recover~d to within 0.30 and 0.80% 0 of the 
IRMS values. 
There were no detectable differences in the BI3e of the standard PAH isolated 
from the sterile sediments using the adopted extraction and purification methods (even 
with recoveries as low as 45% as observed for F; Figure 19). The mean isotopic values 
of all the recovered PAH were within 0.43%0 of their original BIle values. Greater 
variation in the precision was again observed for the higher molecular weight species. 
The concentration of PAH recovered as a result of Soxhlet extraction and purification is 
primarily influenced by evaporation (volatilization) and adsorption losses. 
Photo degradation losses were reported by Low (1987), but since the present Soxhlet 
extractions were performed in the absence of light, PAH losses due to photodegradation 
should be negligible. With ',he exception of F, recoveries of the 3, 4 and 5-ring 
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compounds we~e generally better than 70%. This study indicates that no significant 
isotopic fractionation (associated with evaporation and adsorption losses) occurs during 
extraction and purification of PAH using the methods adopted in the present study. 
4.2 Isotopic effects due to photolysis: 
The calculated degradation rates (k) and half-lives of the studied PAH indicate that 
F, Pa, FI, Py and B(b)FI are relatively photostable, while A and Ace are quite susceptible 
to photo-degradation (Table 8, Figures 20, 21 and 23). The susceptibility of the 
individual compounds to photolysis are similar to those previously reported (Korfmacher 
et aI., 1980; Low et aI., 1987; Behymer and Hites, 1988; Paalme et aI., 1990; Sanders et 
aI., 1993). The rate constants and half-lives are different as may be expected from 
differences in experimental conditions utilized. For example, PAH were exposed to 
natural sunlight in the present study, while previous experiments were conducted under 
controlled laboratory conditions, with constant light intensity (Krofmacher et aI., 1980; 
Kamens et aI., 1988; Sanders et a1., 1993). Kamens et al. (1988) reported rates of photo-
degradation that were proportional to light intensity. Similar to Low et al. (1987), higher 
degradation rates and shorter half-lives were found in this study for Fl and Py when 
dissolved in the more polar solvent dichloromethane (Table 8). The reason for the 
apparent stability of Pa and Fl and B(b)FI is related to the chemical structure of the 
individual compounds (Paalme et aI., 1990). For example, the low photo-reactivity of 
phenanthrene has been attributed to its angular configuration (Krofmacher et al ., 1980; 
Sanders et aI., 1993), whereas Clar, (1964) suggested that this is primarily due to the 
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presence of two benzenoid rings. In contrast, anthracene may be less stable since it has 
only one benzenoid ring (Clar, 1964). The stability of Fl has been attributed 10 its 
"nonaltemant" structure (consisting of five and six-membered rings) which is highly stable 
in an excited state and has a low affinity for capturing low energy electrons (Zander, 
1983). 
No pronounced effects of photolytic degradation were observed on the ol3e of 
standard PAH experimentally exposed to natural sunlight. The ol3e of F, Pa, FI, Py and 
BbF during the various exposure periods were particularly stable despite up to a 40% 
reduction in the initial concentration of pyrene (Figure 20) . However, it should be noted 
that the mean isotopic values of A and Ace appeared to have become enriched during 
similar experiments. Although similar degrees of degradation were recorded in repeated 
anthracene experiments using different solvent substrates under comparable conditions, 
the Bile enrichments noted during the initial studies were not observed in these repeated 
experiments. This fact is demonstrated by the stability of the ol3e value of anthracene 
recovered from these experiments (Figure 20). The mean B13e of anthracene recovered 
from cyclohexane and in the absence of a solvent substrate ranged between 0.01 and 
0.53°/00 of its conventional IRMS value. 
The results of the repeated photolytic, volatilization and evaporation studies 
indicate that the 013e values of the PAH studied, particularly the higher molecular weight 
compounds, are stable during these reactions. The absence of significant kinetic isotope 
effects in the systems studied here may be related to the relatively high molecular weights 
of the compounds and low reduced mass differences involved. 
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The photolysis experiments in the present study were conducted to optimise 
photodegradation rates. In natural systems, PAH (especially high molecular weight 
compounds) are sorbed onto particulate surfaces significantly reducing their susceptibility 
to photodegradation (Valerio and Lazzarotto, 1985; Yokely et aI., 1986; Behymer and 
Hites, 1988; Coutant et aI. , 1988). PAR photodegradation rates are dependent on the 
nature of the binding substrates and on variables such as length of day , sunshine intensity, 
extent of cloud cover and temperature. These can all contribute to the persistence or 
removal of PAR from the environment (Masclet et aI. , 1986; Hwang et aI., 1987; Bunce 
and Oryfhout, 1992; Sanders et aI., 1993). The effects of all these parameters cannot be 
assessed independently in the natural environment. However, parameters such as 
particulate association, low temperatures, sunshine intensity and extent of cloud cover 
provide strong evidence to support the suggestion that PAH photodegradation rates wi 11 
be relatively low during transportation in the selected study areas (Suess, 1976; McVeety 
and Hites, 1988; Baek et aI., 1991 a). The elevated levels of suspended solids in the water 
of St. John's Harbour could also significantly reduce the degree of PAH degradation in 
~he photic zone of the water column by limiting light penetration (Newfoundland Design 
Associates Ltd., 1987-1988). Finally, colder waters inhibit specific steps leading to 
photolytic degradation of certain compounds (Hwang et aI ., 1987). 
4.3 Isotopic effects due to microbial degr'adation: 
Microbial degradation experiments performed In the present study showed 
negligible shifts in the oBe values of the two PAH investigated (Na and FI; Figures 24 
and 25). Bacteria degrade PAH by ~nzymatic attack which can be influenced by a 
211 
number of environmental factors (Cerniglia, 1991) (also see, section 1.5 .2). The 
catabolic pathway by which compounds are degraded is dependant primarily on the 
bacterial strain (Table 5) and the type of enzymes used for metabolism (Zylstra et aI., 
1992). Alteration of the original isotopic values of Na and FI may be expected, since 
most PAH degradation pathways involve ring cleavage (loss of carbon) (Mueller et ai, 
1990; Cerniglia, 1991). For bacterial degradation to occur, the PAR is normally 
incorporated into the bacterial cells where enzymes are produced. The pathway by which 
PAH enter bacterial cells may dictate whether isotopic alterations will occur as a result 
of microbial degradation . This pathway is not well understood, but it is postulated that 
bacteria either ingest PAR that are associated with organic matter, or Lecause of their 
lipophilic properties, PAR may be diffused in solution across the cell wall membrane. 
Hayes et al. (1989) suggested that organisms do not isotopically discriminate between 
heavy and light carbon when ingesting organic material from homogenous mixtures. In 
this case, the isotopic ratio of the uncoilsumed residue will not be different from the 
starting material. Even if cell wall diffusion was the predominant pathway, isotopic 
fractionation will again be limited by the small relative mass difference between a 12C and 
13C containing PAH. It is for this reason that most isotopic fractionations in biological 
systems can be traced back to the initial carbon (i .e., CO2, CR4) fixation steps. Since no 
enrichments were observed in the isotopic signature of the microbially reduced 
concentrations of naphthalene and fluoranthene, no mass discrimination must have 
occurred either during direct ingestion or celi wall diffusion. If the controlling step for 
the incorporation of all PAH are similar, isotopic alterations resulting from microbial 
degradation would be expected to be insignificant. 
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In natural environments such as St.John's Harbour and Conception Bay, it is 
unlikely that micro-organisms are exposed to single compounds, and mixtures of PAH are 
much more likely to occur. It is wicieiy recognized that certain mixtures are more 
susceptible to degradation than when the compounds are present singularly (MaCarty et 
aI., 1984; Smith et aI., 1991). Also, some c" ;-,pounds in a mixture can exacerbate or 
suppress degradation rates (Bauer and Capone; 1988; Smith, 1990). However, these 
studies are based on work with non-growth supporting secondary substrates, in which the 
biomass being created by one or more easily degraded primary substrates. Presently, little 
is known about substrate interactions among biodegradable aromatic hydrocarbons lJresent 
in growth supporting medium. Microbial degradation of PAH in St. John's Harbour is 
expected to be negligible, due to the presence of more accessible organic carbon forms 
that bacteria tend to degrade preferentially (Shiaris, 1989). Indeed, experiments conducted 
by Stahl (1980) and Wehnei et a1. (\985) showed that the 8\312 of the aromatic fraction 
is not significantly altered during the biodegradation of crude oil in spite of significant 
8 13C alterations of other fractions. Isotopic shifts in the altered fractions appear to have 
been related to the preferential consumption of specific compounds (with different isotopic 
compositions) rather than the preferential consumption of 12C or 11C bearing compounds. 
Since the year round temperatures and PAR concentrations in Conception Bay are 
generally low, bacterial activity is often suppressed (Pomeroy et aI., 1991) and they may 
not have developed the ability to degrade PAH in this system. Microbial adaptations to 
degrade PAH are largely develo?ed from the chronic exposure to elevated concentrations 
of these compounds (Cerniglia lOd Heitkamp, 1989). 
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Isotopic effects associated with phase separation or PAH solubility in aqueous 
environments are possibly also manifested in these studies. Bacterial utilization is 
predominantly associated with water soluble PAH (Weissenfels et aI., 1990; Boldrin et 
ai. , 1993) and any preferential separation of the light and heavy carbon in the aqueous 
phase would have been reflected by an isotopically enriched residue. As noted above, 
evidence of preferential solubilization between the light and heavy carbon was not 
observed, implying that no isotopic discrimination occurs during PAH dissolution. 
4.4 Molecular signatures of the prominent primary sources: 
The PAH isolated from the prominent primary sources varied in composition, with 
fireplace soots and crankcase oils exhibiting the most repetitive signatures. The mean and 
standard deviation (20-) of the compositional ratios of these primary sources are 
summarized and compared to literature val ues in Figure 50 (Rudling et al. 1982; Stenburg, 
1983; Grimmer et a1. 1983a; Alsberg et aI., 1985; Masclet et aI., 1986; Westerholm et 
aI., 1988; Broman et al . 1988; Freeman and Cattell, 1990; Takada et al ., 1990). 
4.4 .1 Fireplace soots: 
Individual fireplace soot samples, from hard and softwood burning open fireplaces 
were consistently dominated by 3, 4 and 5-ring parental PAH with generally lower 
concentrations of methylated compounds (Figure 51). These observation are in 
accordance with previous findings on the molecular signature of wood combustion (e.g., 
DeAngelis et al., 1981; Rudling et al. 1982; Grimmer et al. 1983a; Freeman and Cattell, 
1990). Also, the molecular signature of soot produced from the combustion of 
Figure 50. Mean and range (standard deviation; 20-) of the compositional ratios 
of prominent PAl! : '1 fire and car soots and crankcase oil compared 
to literature data. 
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artificial fuel was comparable to the wood derived signatures (Figure 52). On average. 
the concentration of the 4 and 5-ring compounds represented 79% of the total PAH in the 
fireplace soot samples. 
It is difficult to compare the yield of PAH in the open fireplaces investigated in 
the present study because most previous studies have concentrated on PAH emissions 
from wood stoves (McCrillis et aI., 1992). The yields of PAH produced during open 
flame combustion are difficult to assess due to the uncontrolled combustion conditions 
(Ramdahl, 1983b). In general, open fireplaces h~\fe lower PAH yields than wood stoves. 
This is attributed to higher temperatures and richer air supply in open fireplaces . 
Temperatures of 200 to 800°C have been recorded in open flames, and these are thought 
to be conducive to the formation of both substituted and unsubstituted PAH (Neff, 1979). 
The presence of substituted and unsubstituted PAH is reflected consistently in the open 
fireplace soot samples analyzed in the present study. The total PAH concentration in 
individual samples varied, but the mean normalized concentrations showed a 
predominance of the 4 and 5-ring compounds, normally associated with high temperature 
open fireplace combustion systems (Figure 51; DeAngelis et aI., 1981; Rudling et aI., 
1982; MacVetty and Hites, 1988; Freeman and Cattell, 1990). Retene (l-methyl-7-
isopropylphenanthrene; Figure 4), a tricyclic hydrocarbon reported to be formed by the 
thermal degradation of resinous abietic acids in coniferous woods (softwood) was 
prominent in a few of the individual fireplace soot samples, and in the individual wood 
stove and composite samples (Ramdahl, 1983a). The yieid of retene during combustion 
has been reported to be highly dependent on temperature and air supply with starved air 
Figure 52. Molecular signature of open fireplace artificial fuel combustion 
compared to open fireplace wood burning. IS = internal standard, 1 
= Phenanthrene/Anthracene, 2 ;;::: Fluoranthene, 3 ::;;; Pyrene, 4 = 
Benz(a)anthracene/Chrysene, 5 = Benzofluoranthenes and 6 = 
Benzo( e )pyrenelBenzo( a)pyrene 
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conditions and low temperatures tending to favour high retene yields. Since ~retene is 
formed by thermal alteration and not by pyrcsynthesis, the lower yields at higher 
temperatures may be due to its destruction as a result of seccndar), reactions or the 
thermal cracking of its precursor compounds (Standley and Simoneit, 1987). The high 
abundance of retene in the composite sample may be due to the predominance of wood 
stove soots which were found in the present study to have elevated levels of retene 
(Figure 53) compared to the relatively low concentrations found in the open fireplace 
soots samples. This is also consistent with the observation that wood stoves tend to bum 
in oxygen-deficient conditions compared to open fireplaces (DeAngelis et aI., 1981 ~ 
McCrillis et aI ., 1992; Mitra and Wilson, 1992). Also, hardwoods are poorer precursors 
of retene than softwoods (Alsberg and Stenberg, 1979; Ramdahl, 1983 a). Since softwood 
combustion also took place in the open fireplaces we investigated, the general absence of 
retene in these samples is more likely associated with high temperature oxygen-enriched 
degradation reactions. 
4.4.2 Car soots: 
The composite and single car soot samples were mainly characterized by the 
presence of combustion-derived 3, 4 and 5-ring parental PAH (produced as a result of 
pyrolysis and pyrosynthesis) which is consistent with previous findings for car soot 
emissions (Wakeham et aI., 1980a~ Stenburg, 1983; Alsberg et al., 1985~ Masclet et al., 
1986; DiLorenzo and Polletta, 1987; Westerholm et aI., 1988; Broman et al. 1988; Takada 
et al.. 1990). In addition to the 3, 4 and 5-ring PAH, some of the samples investigated 
were also characterized by the presence of lower molecular weight 2-ring parental and 
methylated naphthalenes (Figure 51). Therefore, the mean trend observed consisted of 
Figure 53. Molecular signature of a woodstove soot sample showing elevated 
retene (R) compared to Phenanthrene! Anthracene (1). Fluoranthene 
(2), Pyrene (3), Benz(a)anthracene/Chrysene (4), Benzofluoranthenes 
(5) and Benzo(e)pyrenelBenzo(a)pyrene (6). 
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similar concentrations of 2-ring parental and methylated Na and 3, 4 and 5-ring parental 
and methylated PAH, with the 4 and 5-ring species representing 66% of the total 
measurable PAH. The concentration of total measurable PAH in the individual samples 
varied significantly. ranging between 3.4 ~g/g and 92.6 ~g;g of soot material with meml 
normalized concentrations indicating a dominance of 2-ring as well as 3, 4 and 5-ring 
PAH (Figure 51). 
The range and concentration of PAH that accumulates in car mufflers are 
dependent on car age, engine operating conditions, catalytic converter efficiency and 
general driving conditions (Pedersen et aI., 1980; Stenberg, 1983; Rogge et ai, 1993). 
Begeman and Burgan (1970) and Jensen and Hites (1983) reported significant increases 
in BaP production when the air:fuel ratio was changed from 14: 1 to 10: 1. Furthermore, 
BaP emissions were found to increase with increased engine use and higher emissions are 
also produced during cold-starts and slow driving conditions. Rogge et al. (1993) also 
reported greater PAH emissions occurred from non-catalytic automobiles compared to 
vehicles with catalytic systems. Since the majority of mufflers sampled in the present 
study were generally from older cars, the presence of naphthalene and methylated 
naphthalenes, indicative of petroleum-related sources (i.e., PAH produced as a result of 
thermal alteration reactions of natural or biogenic compounds), may be due to unburned 
fuel or oil components in some of the car soot samples (Guerin, 1978; Simoneit, 1985; 
Rogge et aI., 1993). This normally occurs as a car engine deteriorates. The fuel 
composition and combustion characteristics are altered as a result of lubricating oil being 
drawn into and burned in the combustion chamber eventually leading to some 
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uncombusted oil components being deposited in the muffler (Guerin, 1978). The 
possibility of uncombusted oil components making it to the muffler system is also 
supported by the work of Pedersen et al. (1980) who demonstrated that between 2-25% 
of the particulates ir. vehicle exhaust emissions originated from the lubricating oil. 
However, it should also be noted that since these oil components m!lst first pass through 
the combustion chamber, the possibility of Na and MNa being generated due to 
combustion reactions cannot be overlooked. 
Perylene, a pentacyc\ic hydrocarbon, reported to be predominantly of diagenic 
origin (Laflamme and Hites, 1978; Prahl and Carpenter, 1979; Wakeham et aI., 1980b; 
Colombo et al., 1989) was also identified in some of the investigated car soots samples, 
although in very low concentrations. Blumer et al. (1977) were the first to report an 
anthropogenic origin for peryiene when it was isolated from car emissions. Lipiatou and 
Saliot (1992) recently reported that peryJene may also be derived from coal pyrolysis. 
·1.4.3 Other combustion sources: 
The range and distribution of PAH isolated from the composite soots sampled 
from the hopper of the power generating station consisted of 2 to 5-11ng PAH (Table 12). 
The dominance of parental compounds suggests they are mainly combustion-derived, 
however the presence of petroleum associated compoWlds such as Na and DBT also 
indicates a petroleum related input. The presence of petroleum PAH in the accumulated 
soot of the hopper may be due to uncombusted fuel making it through the burner system 
(Williams et aI., 1993). Total PAH conc'!airatlOns were generally low, with Pa (3-ring) 
and Chy (4-ring) being the most abundant. Past studies on PAH emissions from power 
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plants have mainly concentrated on coal-fired systems (Warman, 1983). Similar to the 
present study, the concentration of PAH reported in soot samples (particulate phase) from 
the hopper of coal-fired systems were generally low while significantly higher 
concentrations were observed in the corresponding vapour phase (Bonfanti et aI., 1988). 
The elevated concentrations of PAR in the vapour phase of the hopper system may be 
related to the high temperature of the flue gas at this stage of emission. Van Vaeck and 
Van Cauwenberghe (1985) demonstrated that PAR are normally concentrated in the 
vapour phase at elevated temperatures, and only condense to the particulate phase when 
the emission cools. Condensation of PAR to the particulate phase as the emission cools 
suggests that PAH soot concentrations increase with increasing distance from the burner 
system (Howard and Longwell, 1983). Also, the low concentration of PAH identified in 
the soot sample of this particular power generating plant may be due to the high 
efficiency (85%) of its burner system (Ricketts, pers comm). These factors may also 
explain the relatively low PAH concentrations observed in soots from the domestic 
heating furnaces which were sampled close to the exit of the burner unit. The distribution 
of PAR in furnace soot II is similar to the power generating station indicating that they 
are primarily derived from combustion reactions. However, the elevated concentrations 
of MFa in furnace soot I, generating a low PalMPa ratio (0.6), suggests that the range of 
PAH in this composite sample is not only derived from combustion reactions but also 
from uncombusted pet101p.um components. 
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4.4.4 Crankcase oil : 
The molecular signatures of single and composite crankcase oils were quite distinct 
and consisted of 2 and 3-ring parental and methylated compounds with lower 
concentrations of higher molecular weight parental PAH (4 and 5-ring; Figure 51). This 
is consistent with the results of previous sturlies (Alsberg et al., 1985; PrueH and Quinn, 
1988; Vazque:t;-Duhalt 1989; Latimer et al., 1990). Of the total measurable PAH in these 
samples, 25 .5% comprised of 4 and S-ring parental compounds. PAH concentrations in 
the investigated crankcase oils were comparable to levels reported by PrueH and Quinn 
(1988). Also, like previous studies, virgin crankcase oil samples were found to contain 
no resolvable PAH (Pruell and Quinn, 1988; Latimer et aI., 1989). Since virgin crankcase 
oils are devoid of measurable PAH, the most probable source of PAH in used crankcase 
oil is speculated to be due to thermal alteration reactions of oil components in the car 
engine (PrueH and Quinn, 1988; Latimer et aI., 1990). Therefore, similar to the muffler 
soots, the distribution ofPAH in crankcase oils would depend on several factors including 
temperature of reaction, engine design and general operating conditions. Since the engine 
operating temperatures are relatively high, the likely products resulting from these 
reactions include 3, 4 and S-ring unsubstituted compounds such as Pa, FI, Py, BaA, Chy, 
BeP and BaP. Pruell and Quinn (1988) also suggested that lower molecular compounds 
(I and 2-ring) may be accumulated in crankcase oils from gasoline which are reported to 
contain elevated concentrations of these compounds (Korte and Boedefeld, 1978). Since 
the concentration of both the low and high molecular weight P AH in crankcase oil 
increase with increasing car use, the inter-sample variations in the total PAH 
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concentration observed in the present study are probably related to a combination of 
gasoline contamination, engine temperature and use of the oil (Pruell and Quinn, 1988). 
4.4.5 Outboard motor: 
The molecular signature of the composite condensate from two-stroke outboard 
motors was similar to crankcase oils consisting primarily of a mixture of 2 to 5-ring 
methylated and parental PAH (Figure 51). The lower molecular weight compounds are 
possibly derived. from uncombusted petroleum components since 20 to 40% of the 
condensate released from two-stroke outooard motors during operation consists of 
uncombusted fuel (Wachs et aI., 1992). The higher molecular weight PAR (particularly 
4 and 5-ring) may again be attributed to combustion reactions that occur during engine 
operation. Since recreational boating activity is widely practised in Conception Bay, 
condensates from two-stroke outboard motors may be an important source contributor of 
PAH to the sediments. 
4.4.6 Crude oil : 
In accordance with previous findings, the range of PAR isolated from the crude 
petroleum samples consisted mainly of 2 and 3-ring compounds (Figure 51) Anderson et 
al., 1974; Pancirov and Brown, 1975; Grimmer et aI., 1983b). Higher molecular weight 
compounds were also identified in the samples of the present study, although in very low 
concentrations. Methylated PAR concentrations were significantly higher than the parent 
compounds. Crude oils are also rich in heterocyclic species particularly thiophenes (e.g., 
dibenzothiophenes). Significant molecular variations and PAH concentrations have been 
reported for individual crude oil samples, and this is mainly attributed to their origin and 
maturity (Neff, 1979; Grimmer et aI., 1983b). 
4.4.7 Other primary sources: 
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Other potential prin:ary sources of PAH not investigated in the present study that 
may contribute to the PAR inventory of the studied sediments are asphalt road surfaces 
and tire wear particulates. Similar to petroleum sources, asphalt is reported to consist 
primarily of a complex mixture of alkyl-substituted PAR and benzothiophenes along with 
reduced concentrations of higher molecular weight parental compounds (Wallcave et ai., 
1971; Ostman and Colmsjo, 1988; Takada et aI., 1990). However, Wakeham et al. 
(1980a) also reported weathered asphalt to consist of well resolved 3, 4 and 5-ring 
parental PAR which is similar to the signatures derived from the combustion of organic 
material. The variations in molecular signatures of asphalt largely results from the 
formulations used to prepare the asphalts. For example, in North America, used crankcase 
oil is used in variable amounts in these formulations (GESAMP, 1993). The distribution 
of PAR in tire-wear particulates on the other hand consists predominantly of 
heterocyclics, particularly sulphur and nitrogen containing compounds. Inputs of tire-wear 
particulates to sediments have also been identified using a compound known as 2-
methylthiobenzothiazole, a degradation product of a common antioxidant used in tire 
manufacturing (Spies et al., 1987; Killops and Howell, 1988). 
4.4.8 Comparison of primary source molecular signatures: 
The calculated mean and standard deviation (20) of the compositional ratios of the 
dominant PAH in the three prominent primary sources (fireplace soot, car soot and 
crankcase oil) are summarized and compared to literature data in Figure 50. 
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Compositional ratios have been used extensively as a source tracing tool of PAl-! in the 
natural environment. Generally, the dominance of low molecular weight parental and 
alkyl··substituted PAR are believed to signify a prominent petroleum influence. whereas 
the persistence of higher molecular weight :' J.rental PAH (4 and 5-ring) is indicative of 
high temperature combustion reactions. 
The mean PaJA ratios (3-ring angular/linear PAH) for the fireplace (3.7) and car 
soots (3 .0) were comparable and similar to previously reported values (Figure 50. 
DeAngelis et al., 1981; Rudling et al., 1982; Al.~bc~g fit aI., 1985; Masclet et al.. 1986; 
MacVeHy and Hites, 1988; Broman et a1. 1988; Freeman and Cattell. 1990; Takada et al.. 
1990). In contrast, the mean PaiA ratio for used crankcase oils was much higher (8.6) 
and compared favourably to those reported elsewhere for the same source (Lake et al.. 
1979; Pruell and Quinn, 1988; Latimer et .11., 1990). The low mean Pal A ratio for the 
furnace soot samples is also consistent with a combustion origin for these compounds, 
whereas the high PaiA ratio of 7.0 for the outboard motor condensate is similar to 
crankcase oils (Figure 54). Lower PaiA ratios are normally associated with combustion 
processes since combustion reactions tend to produce elevated concentrations of A. 
Anthracene concentration in crude petroleum and petroleum products are generally low 
and PaiA values greater than 50 have been reported for crude petroleum (Colombo et a1., 
1989; Brooks et aI., 1990). Anthracene was not measurable in the crude petroleum 
samples investigated in the present study, therefore the Pal A ratio is also expected to be 
high. 
The mean Pa/MPa ratio for the fireplace (1.0), car (1.4) and furnace soots (1.6) 
Figure 54. Summary of the mean and range (standard deviation; 20) of the 
compositional ratios calculated for primary, secondary source and 
sediment samples investigated. 
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samples were greater than the mean values for crankcase oil (0.4), crude petroleum (0.3) 
and outboard motor condensate (0.6). The significantly lower PalMPa ratio in petroleum 
and petroleum proch:;;is is due to the elevated levels of alkyl-substituted PAH that are 
generated during the low temperature formation of crude oil!> (Youngblood and Blumer, 
1975). A mean FIIPy ratio (nonalternantlalternant PAR) of one or greater, for the 
fireplace, car and furnace soot samples normally signifies compounds of combustion 
origin because elevated concentrations of nonalternant compounds, particularly FI, 
normally occurs during the combustion of organic matter. However, the FIIPy ratio (0.8) 
of the soot from the hopper of the power generating station is less than one (Figure 54). 
The FIIPy ratio of the fire soots is in accordance with previous findings (DeAngelis et aI., 
1980; Rudling et aI., 1982; McVeety and Hites 1988), while the mean and range of values 
for the car soots reported in the literature were generally lower (Giger and Schaffner, 
1978; Neff, 1979; Wakeham et al., 1980a; Stenburg, 1983; Alsberg et aI., 1985; Masclet 
et ai., 1986; DiLorenzo and Polletta, 1987; Broman et al. 1988). The lower FIIPy ratio 
in the car soots may be related to the fact that most of the literature values were 
determined prior to the widespread introduction of catalytic converters. This suggests that 
catalytic converters may be preferentially altering the concentrations of PAR prior to 
emission. Tan et aI. (1992) speculated that since parental PAR are planar in shape 
compared to their alkylated analogues, they may be more readily ruptured or destroyed 
on the metallic surfaces of catalytic converters. The notable decrease in Py concentrations 
suggest that it may be more susceptible to destruction than the other parental compounds. 
There is no plausible explanation bilsed on the molecular structures of these compounds 
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to support this observation. The low FIIPy ratio (0.7) (elevated Py) for crankcase oils is 
comparable to previous findings (Pruell and Quinn, 1988; Latimer et aI., 1990). Crude 
oils are reported to have varying concentrations of FI and Py, but it is generally accepted 
that Py is more prominent (Grimmer et al., 1983b). The FIIPy ratio of the outboarQ motor 
condensate is again similar to the crankcase oil value. The mean BaA/Chy ratio was less 
than unity for all samples with fireplace soots, crankcase oil and power generating station 
having values be.tween (0.5 and 0.6), while values for the car soots were generally higher 
(0.8) (Figure 54). This may be due to either different combustion conditions or the initial 
aromaticity of the fuel (Pedersen et aI., 1980). With the exception of coal tars, which 
generally have elevated concentrations of BaA, the BaA/Chy ratios reported in the 
literature are also generally less than one making it difficult to distinguish between 
individual sources using this particular ratio (Canton and Grimalt, 1992). Mean BaPIBeP 
ratios observed for fireplace and car soot samples were similar to the power generating 
station and crude oil but the ratio for crankcase oils was generally lower. High values 
tend to be associated with combustion reactions, but since BaP is quite unstable in the 
environment, this particular ratio also has limited applicability (Daisey et aI., 1986). 
In summary, some compositional ratios of PAH in primary sources discriminate 
between compounds derived from combustion (fire, car and furnace soots samples) and 
petroleum related sources (crude, crankcase oils and outboard motor condensate). The 
possibility that crankcase oil (lubricating oil) is an important contributor of parental PAH 
to muffler soots is not supported by the mean compositional ratios of Pal A, PalMPa. and 
FllPy which tend to indicate PAH of combustion origin. However. it does not exclude 
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crankcase oil as a possible contributor of hydrocarbons that are subsequently combusted 
or pyrolyzed to PAH in the muffler. It should also be noted, that even though the mean 
compositional ratios of the furnace soots indicated that they are mainly combustion-
derived, the PAH in furnace soot II seem to consist of both combustion and petroleum 
related PAH. A petroleum origin is also implicated for the higher molecular weight PAH 
in the soot of the power generating station. Finally, since fresh asphalt is reported to 
consist primarily of alkyl-substituted PAR, the compositional ratios are expected to 
resemble petroleum sources while ratios of weathered asphalt and tire-wear particulates 
may be similar to combustion PAR (Wakeham et aI., 1980a). 
4.5 Isotopic signatures of the prominent primary sources: 
The following discussion mainly concentrates on the BI3C !rends (compound to 
compound variation) observed for the parental PAR isolated from the prominent primary 
sources. However, the 013C of the alkyl-substituted compounds will be. occasionally 
addressed for comparative purposes. Due to variations observed in the 013C of high 
molecular weight co-eluting isomers in a number of crankcase oil and car soot samples, 
individual mean values are reported for combined BaA+Chy, SFl (benzofluoranthenes) 
and BeP+BaP. 
4.5.1 Fireplace soots overall signatures: 
Irrespective of the range observed in the B13e of the fire soot PAR, the overall 
trend in the mean BI3C values indicate that with the exception of anthracene, the lower 
molecular weight compounds (3-ring) are isotopically more depleted than 4-ring PAR, 
whereas 5-ring compounds have BI3C values similar to the 3-ring species (Figure 55). 
Figure 55. Summary of the mean 813C of the parental PAH isolated from the 
three prominent primary sources. Error bars represetlt the range (2cr) 
observed in the single and composite samples of these sources. 
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This trend was consistently observed in the single source samples investigated lUld 
particularly in the composite sample which consisted of twenty six individual samples of 
different origin (Figure 28) . The increasing isotopic enrichment between the 3 and 4-ring 
compounds was found to be significant (95% CI) using Pages L-test which is a procedure 
for testmg a monotonic hypothesis concerning experimental means (Page, 1963). 
Differences were also observed between some of the 3 and 4-ring compounds using rank 
sum two-sample Mann-Whitney tests. Since PAR are the products of incomplete 
combustion, the range in isotopic values generated during combustion is related to the 
isotopic signature of their initial precursors and the fractionations that are associated with 
primary and secondary !'eactions that occur during their formation (Fuex, 1977; Sackett, 
1978; Ameth and Matzigkeit, 1986a). The trend observed in the ODC of the 3, 4 and 5-
ring PAH in this combustion process indicate the following possibilities: 
(a) the individual compounds v.'ere derived from isotopically distinct precursors 
in the original combustion source that underwent pyrolysis and pyrosynthesis possibly at 
different temperature ranges, 
(b) the overall isotopic variation was primarily dictated by the formation and 
carbon branching pathways that occurred during pyroSY!'lthesis, or 
(c) some combination of (a) and (b). 
Since the investigated fire soots were ",btained from open fireplaces and wood 
stoves com busting both hard and softwoods, it is necessary to outline briefly the 
mechanism of combustion in these two sources. Wood in low-energy open fires «270°C) 
in the presence of excess oxygen, undergoes intermolecular dehydration where the 
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volatiles are initially combusted or expelled, followed by oxygen attack of the 
carbollaceous residue to yield glowing combustion (Kanury, 1978, Ramdahl, 1983b). 
Wood in high-energy fires (>340°C) undergoes depolymerization, resulting in a 
phenomenon called flaming combustion, where carbon monoxide and hydrogen along with 
other gases . ~e produced. Similar to low en erg- fires, wood stoves also tend to burn at 
low temperatures, but wood stove environments are usually more oxygen deficient. Wood 
primarily consists of hemi-cellulose, cellulose, lignin and a range of solvent extractables 
(e.g., waxes) (Ramdahl, 1983b; Benner et al., 1987; Goldstein, 1991). Cellulose, hemi-
cellulose and lignin constitute up to 90-95% of dried wood, with softwoods containing 
28-34% lignin and hardwoods generally less (between 18 and 27%; Goldstein, 1991). 
The exact precursors of PAH during wood combustion are not clearly identified. 
However, PAH have been produced during the combustion and pyrolysis of specific 
groups of compounds such as cellulose and lignin (Liverovskii et aI., 1972; Schmeltz and 
Hoffmann, 1976; Maja 1986). Benner et al. (1987) analyzed the Ol3C of various wood 
components and reported that cellulose, hemi-cellulose and an uncharacterized fraction 
. (solvent extractable) were respectively 1.3 , 0.3 and 1.00/go more enriched in 13C than the 
total wood tissue, whereas lignins were 2 . 6°/~o more depleted than the whole-plant (cf., 
Deines, 1980). A mean ol3C range for these individual components in hardwoods and 
softwoods in the northern hemisphere is summarized (Figure 56) (Lowden and Oyck, 
1974; Deines, 1980; Freyer and Belacy , 1983 ; Leavitt and Long, 1986; Benner et al ., 
1987; Leavitt 1993). Wood combustion in open fireplaces could resenible a stepped 
combustion process where hemicellulos~ normally degrades first, followed by cellulose 
Figure 56. The range in o\3e values for various wood components, bulk 
gasoline, virgin crankcase oil and venezuelan crude (aromatic 
fraction) along with the range of ol3e values of the PAH from the 
primary sources. 
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and the:1 the Iignins (Ramdhal, 1983b). If the carbon isotopic compositions of 
hemicellulose, cellulose and lignin are sole factors in determining the overall isotopic 
signature of the fire soots, then the oDe depl~ted PAH may be primarily derived from 
lignin, while the more enriched compounds may originate from the heavier cellulose or 
uncharacterized fractions. The uncharacterized fraction of wood also contains certain 
compounds that are good PAH precursors. Examples of such precursors are terpenes 
(turpentines, resin acids and sterols), fatty acids and other aromatic compounds including 
acids, aldehydes and alcohols. The most common triterpenoid (P-sitosterol) has been 
shown to be an excellent precursor of BaP and other PAH (Schmeltz and Hoffmann, 
1976). However, triterpenoids are on~j common in softwoods and usually occur in 
relatively low concentrations (Zavarin and Cool, 1991). It is difficult to isolate the most 
likely specific precursors of individual PAH during wood combustion, since any 
compound with a carbon and hydrogen skeleton has the potential to generate PAH. 
However, some compounds are more efficient than others, for example, cyclic or ringed 
compounds are recognized to be much more efficient at producing PAH than branched 
or straight chain species (Halaby and Fagerson, 1971; Neff, 1979). Since lignins are the 
most predominant aromatic compounds and the more isotopically depleted fraction in the 
wood source, they are good candidates as direct precursors to the isotopically depleted 
PAH in the wood soots. In contrast, the generally more enriched 4-ring P AH may be 
formed, at least in part, from more enriched precursors. 
As an alternative, the trend in the isotopic signature of fire soot PAH may be 
controlled by the formation and carbon branching pathways followed by individual 
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compounds during pyrosynthesis. For example Lang et al. (1963), Halaby and Fagerson 
( ) 97 J) showed that low molecular weight PAH undergo secondary condensation and 
cyclodehydrogenation reactions during pyrolysis to produce more condensed high 
molecular weight compounds. Therefore, during the combustion process, low molecular 
weight compounds, generally formed at lower temperatures may be actual precursors to 
the higher molecular weight species which are formed subsequently. Gleason and Kyser 
() 984) and Holt and Abrajano (1991) concluded from kerogen burning studies that these 
materials bum by a kinetic process whereby the light carbon is preferentially oxidized 
relative to the heavy carbon leaving an enriched residue. Therefore, since this is a 
temperature dependent effect (Ameth and Matzigkeit, 1986), the PAH forming radicals 
produced at lower temperatures are expected to be depleted in l3C compared to radicals 
formed at higher temperatures. Temperature plays an important role in PAH generation 
such that different temperature optima exist for the pyrosynthesis of individual PAH 
compounds (Colket and Hall, 1992). Schmeltz and Hoffmann (1976) exposed malic acid 
to a range of temperatures between 500 and 900°C and observed that more complex 
compounds were formed as the temperature increased. If the higher molecular weig~t 
compounds are generated at higher temperatures (from 13C enriched radicals), the al3c 
should increase with increasing molecular weight. While this may be the case for the 3 
to 4-ring compounds, temperature dependent kinetic isotope effects would not account for 
the generally DC depleted 5-ring PAH. Since there is no corresponding increase in the 
alJc wifh increasing molecular weight, this suggests that the temperature effect previously 
discussed cannot be solely responsible for the trend observed in the a13c of the 3, 4 and 
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S-ring compounds. Before this model can be used to explain the overall trend observed 
in the fire soot P AH, a sep2.rate radical recombination pathway must be invoked to 
account for the lower Ol3C values of the S-ring compounds. Although the most widely 
documented formation pathway for PAH during combustion is the stepwise recombination 
(pyrosynthesis) of free radicals (e.g., Figure 6; Badger et aI., 1960; Crittenden and Long, 
1976~ Bittner et a1., 1981 ~ Howard and Longwell, 1983; Colket and Hall, 1992), Schmeltz 
and Hoffmann (1976) concluded from extensive pyrolysis studies that it was difficult to 
propose anyone general pathway for production of PAH since it involved a multiplicity 
of pathways and various reaction intermediates. Following Schmeltz and Hoffmann 
(1976) the o\3C trend observed in the wood burning source can arise from the utilization 
of a separate pathway or pathways for the formation of 5-ring compounds. One 
possibility, is the direct condensation of binaphthyls to perylene or benzofluoranthenes 
during the pyrolysis of naphthalene (Figure 7; Lang et aI., 1963). 
The compound-specific ol3e trend may also be explained by invoking secondary 
reactions of the 3, 4 and 5-ring primary PAH after their initial formation. Using this 
alternative, an initial monotonic ODe trend in the primary combustion/pyrolysis product 
is altered by subsequent formation or destruction reactions of the pri mary P AH. 
Examples of such secondary reactions are condensation of low molecular weight l?AH to 
produce higher molecular weight compounds or their oxidation to CO or CO2, 
If it is accepted that the different PAH are related by one or more condensation 
reactions, the "precursor" hypothesis cannot be singularly responsible for the overall trend 
observed in the 3, 4 and 5-ring compounds. In fact. it is reasonable to assume that 
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"precursor" effects will probably be more evident when comparing sample to sample 
var! ations of the corresponding PAH. Since the magnitude of sample to sample variations 
are lower than the compound to compound isotopic variations, the use of secondary 
reactions are necessary to explain the oDe trend observed in this source. Therefore a 
combination of both the isotopic variations of the "precursors" and secondary reactions 
may be responsible for the trend observed in the oDe of the 3, 4 and 5-ring compounds 
in the wood burning soots. Although it is virtually impossible at present to isolate the 
individual secondary reactions that could dictate the overall intermolecular patterns, some 
of the likely reactions that may be involved were outlined above (also see section 4.5 .3). 
4.5 .2 Car soots overall signatures: 
Despite the difference in the combustion processes, materials and conditions, the 
o De of the parental P AH isolatl:'':i from car soots follow a similar trend to the fire soot 
PAH (Figures 55 and 57). Unlike open fire combustion, the combustion process in the 
gasoline engin~ may be described as spontaneous or shock combustion (Barrere, 1981 ; 
Hucknall, 1985) whereby gasoline is initially vapourized and mixed with air prior to 
combustion in the combustion chamber. The PAH produced during this process are 
reported to be primarily dependent on the fu el:air ratio and the initial aromaticity of the 
fuel (Begeman and Burgan, 1970; Jensen and Hites, 1983). Gasoline consists ofn-alkanes 
ranging from C1 - CIS' and 20-30% aromatic hydrocarbons (benzene and alkyl-benzenes) 
which are added to increase its octan~ rating (Korte and Boedefeld, 1978; Neff, 1979). 
Figure 57. Summary of the mean ODC values for both the parental and alkyl-
substituted P AH isolated from the three prominent primary sources. 
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While alkanes are poor PAH precursors, gasoline itself has been shown to be a good 
precursor of PAH (Neff, 1979; Hiereth, 1988). This suggests that benzene and alkylated 
benzenes may be the primary precursors of P AH during gasoline combustion. Benzene 
was demonstrated to be a good precursor of naphthalene, (Schme · t.~ and Hoffmann, 1976) 
and Colket and Hall (1992) obtained a complex range of PAH from the combustion of 
1 % toluene (alkyl benzene) at various temperatures. Combustion of crankcase oil in the 
combustion chamber was also suggested to be a potential contributor of PAH to muffler 
soots as it can make its way to the combustion chamber via the piston, piston rings, 
positive crankcase ventilation system and intake valve guides (Pedersen et al. 1980). 
Repeated isotopic measurements of a variety of bulk gasolines and virgin crankcase oils 
showed values ranging between -28.4°/00 and -26.9°/00 for the former and -29.60 / 00 and 
-26.8%0 for the latter (Santrock, pers. comm.; Figure 56). These values are comparatively 
more depleted in 13e than the isotopic values of car soot PAH. The overall trend in the 
8ue values of the car soot PAR, suggests that the mechanisms involved in controlling 
the isotopic signature of car soot PAR are similar to those that occur during fire soot 
PAR formation. Since the 8\3e of the parental PAR in these two sources are broadly 
similar, it is unlikely that the specific combustion conditions or "precursor" compounds 
are the dominant factors in controlling the compound to compound 813e patterns. 
4.5.3 BI3e patterns in the individual PAH of the fi.,::" and car soot samples: 
A number of differences in the detailed PAR 813C patterns of the fire and car 
soots are notable. Pyrene is consistently more enriched in the car soots compared to the 
fire soot samples (Figure 57:·. The difference in the isotopic value of Py in the two 
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sources was initially suspected to be related to the post-synthesis pathway followed by 
car soots before being deposited in the muffler. Prior to deposition, PAR pass through 
a catalytic converter who$e metallic surface has been shown to rupture parental PAR 
because of their planar structures (Tan et ai., 1992). Based on the molecular abundance 
on cars with and without catalytic converters, Py seems ~:> be preferentially destroyed 
compared to fluoranthene. However, since all compounds are destroyed by the action of 
catalytic converters and there were no isotopic alterations associated with any of 
weathering experiments, it is improbable that the enriched pyrene in the car soots can be 
attributed to kinetic isotope effects due to preferential loss. Therefore, the notable 
enrichment observed in the car soot Py compared to the fire soot Py is quite likely related 
to differences in the pyrosynthetic pathways leading to Py formation in the two 
combustion sources. 
The MPa groups (peaks that represent methylations at sites 2 & 3 and at sites 1 
& 9) in both combustion sources have similar trends with the mean isotopic value of the 
1,9 group more enriched that the mean value of the 2,3 group (Figure 57). The difference 
in the isotopic values of these methyl phenanthrene groups suggest either that (a) 
differential isotopic fractionations may be associated with methylation reactions or 
successive demethylation at different sites on a benzenoid ring or (b) the 2,3 and 1,9 
groups have different precursors compounds. The 1,9 positions on the phenanthrene 
molecule are the weaker a-sites which have been shown to be more susceptible to 
substitution reactions than the 2,3 ~-sites (Figure 3; Clar, 1964; Radke, 1987). However, 
since substitution reactions do not destroy the aromaticity of the benzenoid and there are 
no isotope effects associated with such reactions (Melander and Saunders, 1980), the 
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difference observed in the isotopic values of these methylated compounds are probably 
related to the origin of their precursor compounds. The :,, ~an isofopic value of parental 
phenanthrene in the fire place soots was comparatively more enriched than the 2.3 methyl 
group and more depleted than the 1,9 group while car soot Pa was generally more 
enriched than both its methylated homologues (Figure 57). Since this trend was 
consistent in the single and composite samples investigated, it may provide a means of 
discriminating between wood and gasoline combustion in depositional environments. 
In conclusion, the trend observed in the ol3e of the 3, 4 and 5-ring parental PAH 
in ~he two primary combustion sources seems to have resulted from a combination of both 
the isotopic variations of the "precursors" and a series of secondary reactions that occur 
duing pyrosynthesis. Regardless of the origin of the ol3e signature, the isotopically 
enriched Py and the trend observed in the Pa and MPa and PNa Bile values may 
potentially be used to discriminate between wood burning and gasoline combustion 
sources in depositional environments. 
4.5.4 Other combustion sources: 
The oJ3e of the PAH isolated from the composite hopper soot of the power 
generating station and furnace soots are compared to the fire and car soots in Figure 58. 
The a13e values of the PAH in the power generating station and furnace II soots closely 
resemble the values observed for the previously described combustion PAH, while the 
PAH in furnace I seem to be influenced by petroleum related sources. These observations 
are mainly in accordance with conclusions derived from the compositional ratios of the 
molecular signatures. The power generating plant combusts bunker e residual oil 
Figure 58. Bile comparison of thf; prominent PAH isolated from the combustion 
sources. 
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(#6 Fuel oil) derived from Venezuelan crude. Sofer (1984) reported a range of -27.4%0 
to -26.3u/ oo for the bulk aromatic fraction of Venezuelan crude which is marginally more 
depleted than the range of BllC values reported for PAH isolated from the composite soot 
sample (Figure 56). The similarity of the 8l3C values of the Power Plant PAH and the 
aromatic fraction of Venezuelan crude suggests that the mechanisms involved in 
controlling the isotopic signature during PAH formation are similar to those occurring 
during fire and car soot PAH formation and are not reflective of "unburned" contributions 
from the "raw" materials. The #2 fuel oil, Ilsed in domestic heating furnaces was 
analyzed in this study and found to contain mainly I, 2 and 3-ring aromatic compounds. 
The ODC of naphthalene compounds in fuel oil ranged between -27%0 and -25.5%0 
(Figure 36). With the exception of the mere depleted values in furnace I, the isotopic 
values of the PAH in these two combustion sources have similar trends. There is no 
obvious explanation for the isotopically depleted compounds in furnace soot I, unless it 
can be attributed to petroleum contamination or it may be related the natural variability 
expected for such samples. Further samples analysis is therefore necessary in order to 
clarifY these observations. 
4.5.5 Crankcase oil: 
In contrast to the fireplace and car snot signatures, the ol3C of the PAH isolated 
from used crankcase oils were significantly more depleted (Figure 55). Also, the range 
of oDe values measured was only marginally enriched compared to the range of bulk 
isotopic values (-29.6% 0 and -26.8°/00) reported for virgin crankcase oil (Santrock, pers. 
comm.; Figure 56). Freeman (1991) demonstrated the 813e relationship between 
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{hagenetically altered hydrocarbons and their precursors in natural systems. An analogy 
may be drawn bet'Neen the diagenetic system that was investigated by Freeman and the 
artificial "diagenetic" system in car engines. Unlike combustion, where a significant 
portion of the precursor source materials is initially fragmented into smaller radicals prior 
to PAR formation, the PAR in used crankcase oil may be largely derived from a series 
of thermally-induced aromatization reactions of natural precursors that exist in the oil. 
Freeman (1991) reported that there was very little isotopic alteration associated with the 
aromatization of a range of triterpenoid-derived polycyclir. aromatic hydrocarbons, 
although it should be stressed that the aromatization reactions investigated were 
microbially-mediated as opposed to the thermally-induced aromatizati.)n being examined. 
Crankcase oils derived from petroleum consists primarily of naphthen~s (hump) with a 
minor n-alkane content ( < C2S) and traces of steranes and triterpanes (Simoneit, (985). 
In addition to these compounds, they also consists of 14% by volume of v.-:ri:.)us natural 
and synthetic additives used to enhance their physical properties. The additi , ':s lI"iclude 
alcohol and solvent-based compounds with trace amounts of n-fatty acid det~jg~nts 
(Weinstein, 1974; Simoneit, 1985; GESAMP, 1993). Santrock (pers. comm.) Cil:;o 
reported that virgin crankc~~e eil (bulk BllC values) ttlnds to become marginally enriched 
with increased use and time in the engine. Therefore, the variation observed in the 6 13e 
of the PAH in the individual samples may be attributed to the age and use of the oil. 
Increased time and temperature within the car engine may result in increased aromaticity 
and polymerization of PAR precursors materials which eventually produce isotopically 
enriched PAR. 
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Of the parental compounds isolated from the crankcase oils, Pa and Py were 
generally more depleted than FI, BaA/Chy, BFI and BePlBaP (Figure 57). The difference 
in the isotopic values of these two groups of parental compounds suggests that they may 
be derived from different precursors in the oil. The similarity in the isotopic values of 
Pa and Py, indicate that they may be derived from precursor materials which have a 
common origin or a common synthesis pathway that is distinct from those followed by 
other high molecular weight PAH (e.g., Grimmer and Bohnke, 1978). The assignment 
of aromatic structures to their biological precursors in crude oils has proved difficult 
(Radke, 1987). However, it is now well established that the saturated or partially 
unsaturated six-membered rings in steroids and polycyclic terpenoids undergo a process 
of stepwise aromatization (Ludwig et a!., 1981; Mackenzie, 1984). Mair a!ld Martinez-
Pico (1962) observed that Pa, Py and their methyl derivatives had structures that were 
si mi lar to a range of compounds produced in crude petroleum at temperatures of between 
305 and 405°C mainly as a result of the dehydrogenation of steroids and alkaloid (Py) 
(thebenol) related compounds. The elevated concentrations of Pa in used crankcase oil 
suggests that it is possibly derived from aromatized steranes (Figure 5; Mackenzie, 1984), 
whereas Py (VIII) may be derived form some other natural products such as alkaloids 
(Mair et al ., 1962) or it may be formed from Pa (VI) following the pathway proposed by 
Grimmer and Bohnke (1978; Figure 59). The 4-ring BaA and Chy may be formed by the 
sequential aromatization of pentacyclic triterpenoids (e.g., (1.- or p-amyrins) which have 
been postulated as possible precursors of hydrochrysene and methylated chrysene (Figure 
Figure 59. Structural relationships between various PAH observed by Grimmer 
and Bohnke (1978) in crude oils. Broken arrows represent pathways 
of minor importance (modified from Radke, 1987). 
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60; Wakeham et aI., 1980b; Tan and Heit, 1981; Freeman, 1991). Carotenes are also 
common precursors of higher molecular weight hydrocarbons in crude petroleum 
(Speers and Whitehead, 1969), but there is no evidence in the literature to suggest they 
may be related to specific PAH formation . There are no reported biological precursors 
for the more 13e enriched Fl(XI), BFI(XIV) and BeP+BaP (XII and XIII) hence they 
are likely derived from angular fusion of intermediate aromatic compounds (Figure 59; 
Grimmer and Bohnke, 1978). 
The Na and MNa are the most 1JC enriched compounds isolated from the 
crankcase oil samples (Figure 57). Alkylated benzenes in crankcase oils may be a 
product of thermal alteration of terpenoids in virgin oil (Mair, 1964) 01' they can also 
occur as a direct input from gasoline (Pruell and Quinn, 1988). Regardless of their 
origin, it is quite possible, that they are the intermediate compounds (precursors) to the 
formation of Na. This is also supported by preliminary isotopic measurements 
performed on a series of alkylated benzenes isolated from the outboard condensate 
which ranged between -27.5°/0 0 and -2~ ~o/OIJ' The trend (compound to compound 
variation) in the Bile values of the 1,9 and 2,3 methylated phenanthrene is comparable 
to the trend obtained for these compounds in the combustion sources. However, unlike 
the combustion sources, both groups in the crankcase oil samples were significantly 
more enriched in DC than parental Pa. This trend may again serve as a useful indicator 
of crankcase oil inputs to depositional environments. 
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4.5.6 Other petroleum sources: 
The PAH isolated from the bulk outboard motor condensate were isotopically very 
similar to the mean isotopic values of the PAH in used crankcase oil, except the outboard 
motor condensates were generally more enriched in DC (Figure 35). This similarity to 
crankcase oils was also observed using the compositional ratio of the prominent 
compounds from the molecular signatures of these two sources. The apparent enrichment 
in J]C of naphthalene and its methylated derivatives in the outboard motor sample may 
be due to the partial combustion of gasoline that is characteristic of two-stroke outboard 
motor engines. 
The 013C of the PAH isolated from the crude petroleum samples have similar 
trends (compound to compound variatios), except that the Calgary crude PAH were 
generally lighter (-32.2°/00 to 25.1%0) than the Arabian sample (-30.0°/00 to -22.7% 0; 
Figure 34). This variation in isotopic values is possibly related to the origin or maturity 
of these samples (Clayton, 1991; Chung et ai., 1992). Differences in the 8\3C values of 
the isomeric compounds suggests that these compounds may originate fr~m different 
precursor products or by different formation pathways. In contrast to Chung (1992) who 
reported 8 to 7°100 differences between parental and methylated PAH in a crude oil, the 
ODC of the parental and alkyl-substituted PAH in these samples were similar and are in 
accordance with the finding of Clayton (1992). Naphthalene and methylated naphthalenes 
in #2 fuel oil had isotopic values within the range observed for the crude oils and other 
petroleum products investigat·~d (Figure 36). 
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4.5 .7 Comparison of primary sourc;e signatures: 
The mean isotopic val ues of P AH isolated from the three prominent primary 
sources (fire and car soots and crankcase oil; Figure 57) indicate two distinct signatures. 
mainly combustion and It diagenetic" (i .e, crankcase oil) . Parental PAH produced as a 
result of combustion reactions were generally enriched compared to the corresponding 
compounds isolated from the crankcase oils. 
In spite of the differences in the combustion processes and the nature of the 
primary precursor materials, the trend in the isotopic values of the combustion-derived 
PAH (fire and car soots) was comparable (Figure 57). Compound-specific isotopic 
variations of PAH in both sources are postulated to be jointly dictated by the precursor 
compounds in the original source material and by secondary reactions during 
pyrosynthesis. Although, the overall isotopic signatures were comparable, differences 
such as the De enriched Py in car soots, the trend between the Pa and MPa and dissimilar 
PNa ol3e values may be potentially useful in discriminating between inputs from these 
two sources in depositional environments. The isotopically deple{ed PAH isolated from 
the crankcase oils (petroleum) were attributed to thermally-induced aromatization reactions 
of natural compounds that exist in oil, a process analogous to diagenetic (catagenic) 
reactions in natural systems. The very similar isotopic values for the corresponding PAH 
isolated from crude oils support the suggestion that the processes occurring in the car 
engine may be similar to diagenetic alteration. Together with their generally 13C depleted 
values, crankcase oils were also characterized by the presence of significantly depleted 
Pa and Py. Unlike the combustion sources, parental phenanthrene was isotclically more 
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depleted in 13e than its methylated derivatives and Py was significantly more depleted in 
De than fluoranthene. These two distinct characteristics have the potential to be used as 
petroleum source tracing tools. 
The patterns in the oDe values of the PAH from the two combustion sources and 
crankcase oil provide the potential for quantitative apportionment studies to be undertaken 
on PAH from these sources in depositional environments. Apportionment of individual 
input sources requires that they are isotopically distinct and that their natural variability 
does not overwhelm the isotopic differences. Despite the overlap in the fire and car soots 
signat~rp.,,: the isotopically enriched Py and the trend in the Pa and MPa may be 
potentially useful in elucidating PAR contributions from these two important sources. 
4.6 Molecular signatures of the secondary source samples: 
Secondary source PAH from the study sites consist of mixtures of PAH from the 
primary sources discussed previously. The mean compositional ratios of the prominent 
compounds in the road sweep, sewage and snow samples are summarized and compared 
to the primary sources in Figure 54. The concentration of individual PAR showed the 
general pattern road sw~ep < snow < sewage samples. 
4.6.1 Road sweeps: 
Resolution of individual PAH from the open-road sweep samples was generally 
hindered by their relatively low concentrations an . ~ the presence of a prominent UCM. 
However, despite the poor resolution, a range of parental compounds with mc;an 
concentrations ranging between 0.04 and 2.60 ~g/g of sweep material (dry weight) were 
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resolved from these UeM's. The dominance of 3, 4 and 5-ring PAH suggests that these 
compounds are mainly of combustion origin and the most probable sources are likely to 
be domestic fires and vehicle exhaust emissions (Figure 61). 
Various analytical methods have b~en used to quantify iri~;vidual concentrations 
of PAH in roCl.d sweeps materials, therefore it is difficult to compare the results of the 
present study with previous studies (e .g., Wakeham et aI., 1980a; Herrmann, 1980; Takada 
et aI., 1990). The concentration of individual PAH in open road swe~ps investigated in 
the present study were generally low, but some samples had FI and Py concentrations 
similar to previously reported values (Herrmann, 1981; Takada et aI., \990). However, 
FI values were significantly less than the 10 Ilg/g reported by Giger and Schaffner (\978). 
Latimer et al . (1990) and Takada et at. (1990) postulated that particle size fractionation 
(dilution of fine PAR particulates with larger grain size material, i.e., sand) may be one 
of the principal reasons for low PAH concentration in surface road sweep samples. 
' , ' 
Different particle size fractions of road sweep material were analyzed in this study and 
no significant difference in the total PAH concentration of the various size fractions was 
observed. Moreover, gre?ter difficulties were encountered in resolving parental 
compounds from the lower particulate size fractions. Reduced PAH concentrations may 
also be due to the continual washing of fine particulate materials from road surfaces by 
heavy rainfall (Hoffman et aI., 1984) which is frequently experienced in the study areas. 
Road sweep UCM's were reported to consist of a variety of degraded highly complex 
mixture of materials derived from automobile t!xhausts, asphalt, used crankcase oil, tire 
and brake particles and atmosphere fallout (e,g., Novotny et aI., 1985). Frequent road 
repairs are carried out in the St. John' s City area, because road surfaces are 
Figure 61. Summary of the mean normalized concentrations of the PAH isolated 
from the secondary source and sediment samples .. 
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extensively weathered during the winter months as a result of a series of melt-freeze 
cycles and from the abrasive action of steel-studded car tires. These activities may result 
in PAR contributions from both fresh and weathered asphalt to the road sweep samples. 
With the exception of chrysene, fresh asphalt mainly consists of a complex mixture of 
alkyl-substitut~d PAR and a prominent UCM (Ostman and Colmsjo, 1988; Takada et aI., 
1990), while highly weathered asphalt has a signature similar to combustion sources 
(Wakeham et al ., 1980a). Using the observed molecular signatures, weathered asphalt 
cannot be discounted as a potential contributor of PAR to the road sweep samples. 
However, recent PAR inputs from fresh asphalt were probably insignificant because of 
the notable absence of alkyl-substituted PAH in these samples. Tire-wear particles were 
also not likely to be important contributors of PAH to the road sweep samples due to the 
conspicuous absence of heterocyclic PAR (Wakeham et aI., 1980a; Spies et aI., 1987; 
Killops and Howell, 1988) in the samples investigated. The prominent UCM and the 
generally low concentration of parental P AH in the cement paved underground car park 
sample may also be related to weathered asphalt transported on car tires, crankcase oil and 
car emissions. PAH contributions from domestic fires are considered to be negligible in 
this particular sample since the car park is enclosed. The molecular signature of the 
asphalt paved car park sweep was comparable to crankcase oil, and the dominance of 
crankc~~ · oil in such samples suggests that open-road runoff may consist of significant 
quantities of crankcase oil hydrocarbons (cr. ;", Wakeham et al., 1980a; Eganhouse and 
Kaplan, 1982; Latimer et al., 1990). 
Despite the dominance of 3, 4 and 5-ring PAH, the mean compositional ratios of 
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the prominent compounds in the open-road sweep reflect combined contributions from 
combustion and crankcase oil sources (Figure 54). When compared to the compositional 
ratios of the primary sources, the Pal A ratio (8.3) suggests crankcase oil inputs and this 
observation is also supported by the low concentrations or absence of anthracene in most 
of the samples investigated. Both the PaJMPa (1.9) and the FIIPy (1.5) ratios support 
contributions from fire and car soots emissions with the PaJMPa ratio possibly favouring 
a greater contribution from car soots (cf., Takada et al., 1990). The BaA/Chy ratio could 
correspond to any of the three prominent sources, while the BaPIBeP ratio indicates 
combustion-derived PAH resulting from both fireplace and car soot emissions and 
possibly weathered asphalt. In summary, using the mean compositional ratios of the 
prominent PAH ~~~lone in open-road sweep samples, individual primary source 
contributions cannot be clearly elucidated. The compositional ratios suggests that all three 
sources contribute to the PAH inventory of the open-road sweep samples along with 
possible inputs from weathered asphalt. 
4.6.2 Sewage: 
The molecular signatures of untreated sewage, obtained from the main sewage 
outfall in St. John's Harbour were quite similar to the signatures of the open-road sweep 
samples (Figure 61). Consistent with our observation, PAH concentrations in untreated 
sewage have been reported to vary considerably (Wild et al., 1990; Wild and Jones, 
1993). The dominance of 3, 4 and 5-ring PAH suggests that these compounds are of 
combustion origin with 82.5% of the total PAR comprising of 4 and 5-ring compounds 
(Figure 61). This is also supported by the presence of elevated concentrations of five-
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membered ring PAH (non-altemant; FI and BFI) which are commonly as~ociated with 
combustion processes (Simoneit, 1985). Mean compositional ratios also indicate that the 
prominent inputs of PAH to the untreated sewage samples are of combustion origin. 
However, again it is not possible using the compositional ratios alone to discriminate 
clearly between inputs from the different combustion sources because of the overlap in 
these source signatures. The slightly elevated BaA/Chy ratio suggests that car soot 
emissions may be significant in these samples, but crankcase oil inputs are also implicated 
from this ratio. More importantly, weathering effects can alter the molecular signatures 
such that low molecular weight PAH, particularly the alkyl-substituted compounds tend 
to be degraded at a faster rate than the high molecular weight compounds. 
The similarity between the molecular signature of the road sweeps and the sewage 
samples is not surprising because of the combined nature of the sewer system. In the 
older section of St. John's city, road surface runoff combines with the sewer system before 
being discharged to the Harbour. Therefore, since there are no important sources of 
industrial effluents in this area, the PAH inputted to the Harbour in domestic sewage 
effluents consist primarily of aerially deposited combusted products, vehicle emissions, 
crankcase oil and weathered asphalt particulates from road surfaces. In a sense, the 
sewage system can be viewed as a combination of "secondary" sources. 
4.6.3 Snow: 
The mean concentrations of individual PAH in the residual particulates of the 
evaporated composite snow sample were higher (per g of snow particulates vs. per g of 
road sweep particulates, dry weight) than the open-road sweep samples. Snow was 
270 
collected from a number of busy road sides and this would account for the resemblance 
between the molecular signatures of the snow and open-road sweep samples (Figure 61). 
The dominant PAH identified are mainly derived from combustion sources with 81 % of 
the total measurable PAH consisting of 4 and 5-ring co~pounds (Figure 61). Snow has 
been shown to have the ability to concentrate and retain PAH despite going through a 
number of melt-freeze cycles (Herrmann, 1981; Schoandorf and Harrmann, 1987; 
Leuenberger et aI., 1988; Boom and Marsalek 1988). The most prominent PAH sources 
likely to accumulate in road side snow are aerially deposited combustion products which 
will also be scrubbed from the atmosphere during snowfall, direct vehicle emissions and 
weathered road surface asphalt (Brorstroem-Lunden and Loevblad, 1991). The mean 
compositional ratios of PalMPa (3.5) and FIIPy (1.2) BaP/BeP (0.7) reflect fire and car 
soot emissions whereas the BaA/Chy ratio (0.8) suggest contributions from all three 
sources. The absence of measurable concentrations of anthracene (high Pa/A ratio) 
indicates inputs from crude petroleum. 
In conclusion, using the compositional ratios of the prominent P AH in the three 
. outlined secondary sources, it is difficult to discriminate clearly between individual inputs 
from the prominent primary sources. This is mainly due to the similarities in the 
molecular signatures of the various combustion and petroleum sources and to the 
uncertain effects of weathering on the molecular signature. Additionally, quantification 
of the various sources is difficult even if a select set of molecular parameters are utilized. 
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4.7 Isotopic signatures of the secondary sources: 
Since one of the primary objectives of this study is to determine whether eSIA 
can provide quantitative complementary information to molecular signatures in elucidating 
inputs of primary soun:e PAH to depositional environments, the 613e of the secondary 
source parental PAH are compared to their respective molecular signatures. The o\3e 
values of secondary source parental PAH were similar in all samples and were generally 
more depleted in l3e with increasing molecular weight (Figure 62). As expected, the 
overall isotopic signature of the secondary sources, reflects inputs of both combustion and 
petroleum-derived components. 
4.7.1 Road Sweeps: 
The isotopic signature of road sweep PAH shows some dependence on sampling 
location with depleted compounds being derived from enclosed areas while more enriched 
PAH were associated with open-road samples (Figure 63; and section 4.6). The 
isotopically enriched A and Py and the trend between Pa and MPa values in the open-road 
samples, indicate that they are mainly of combustion origin, with enriched Py manifesting 
a definite car soot input. Anthracene and the MPa's could only be isotopically analyzed 
ill three of the investigated samples, but it is interesting to note that in conjunction with 
Pa, these compounds are more enriched in the open-road samples than in the two primary 
combustion sources (Figure 63). The apparent ol3e enrichment of these 3-ring 
compounds in the open-road sweep compared to the combustion sources may be due to 
a photo degradation effect arising from prolonged exposure on the open-road surface, an 
explanation which may also account for the inconsistent Pal A ratio observed for the 
Figure 62. Comparison of the mean al3c of the 3, 4 and 5-ring parental PAH 
isolated from the prominent primary and secondary source samples. 
Pa = Phenanthrene, A = Anthracene, FI == Fluoranthene, Py == Pyrene, 
BaA+Chy = Benz(a)anthracene and Chrysene, BFl = 
Benzofluoranthenes, BeP+BaP = Benzo( e )pyrene and Benzo( a)pyrene. 
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Figure 63. Comparison of the ODC in the open-road and enclosed car park 
sweeps with the prominent primary sources. MNa = Methyl 
Naphthalene, DNa = Dimethyl Naphthalene, F = Fluorene, Pa = 
Phenanthrene, A = Anthracene, MPa = Methyl Phenanthrene, DPa 
= Dimethyl Phenanthrene, Fl = Fluorap.thene, Py = Pyrene, BaA+Chy 
= Benz(a)anthracene and Chrysene, BFI = Benzofluoranthenes, 
BeP+BaP = Benzo(e)pyrene and Benzo(a)pyrene. 
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molecular signatures (Figura 54). Sampling of these surfaces was conducted after dry and 
sunny periods, therefore potentially biasing the sampling in favour of extensively 
photodegraded samples. In the present study, however, Pa was demonstrated to be 
isotopically stable during photodegradation over short exposure periods. However, 
photodegradation may be occurring during reiatively extended exposure periods on the 
open-road surfaces. If photo degradation can enrich the Bl3e values of 3-ring compounds, 
then A and MPa should be more enriched than Pa (as observed) because of the greater 
susceptibility of A and MPa to photodegrauation than Pa (Radding et al., 1976; Ehrhardt 
et al ., 1992; Sanders et al ., 1993). As an alternative, the enriched o13e values ofMPa and 
A could also be explained by the existence of an uncharacterized source for these 3-ring 
compounds. One such source, for example, may be weathered road surface asphalt which 
was also assumed to be a possible PAH contributor to the open-road sweeps based on 
their molecular signature. Asphalt is recognised to be rich in PAH since PAH produced 
during the thermal cracking of crude petroleum are normally concentrated in the asphalt 
fraction (Guerin, 1978; Neff, 1979). Microscopic examination of the road sweep material 
shows a number of darkened particulates that appeared to be asphalt. Asphalt, was also 
postulated to account for the dark bitumen like residue (non-hexane soluble, asphaLtenes) 
obtained during extraction of these samples with dichloromethane. This suggests that 
weathered asphalt may be a possible contributor of PAH to the open-road sweeps. 
The ol3e of FI and Py are similar to combustion-derived PAH with an apparent 
Py enrichment which is characteristic of car soot emissions. There is no definitive 
indicator in the oDe values of the PAH in the open-road sweeps to suggest that wood 
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burning was an important contributor. The absence of retene (wood combustion·derived 
marker) in the molecular signatures of these open·road sweep samples. suggests that wood 
burning may not be an important component. Since parental PAH concentrations were 
gp.nerally low in these samples, retene may not have been in sufficient concentrations to 
be detected. Contributions of minute amounts of wood burning PAH to the open· road 
sweeps cannot be discounted, since it is widely practised in the city area. The depleted 
isotopic values of the combined BaA+Chy, BFl and BeP+BaP suggests that the ODC of 
these compounds are also influenced by crankcase oil inputs. Based on the moJect;lar 
signature of the enclosed asphalt paved car park, crankcase oil contamination is postulated 
to be the most probable petroleum source likely to influence the ol3C of open-road sweep 
PAH. In summary, the overall isotopic signatures of the individual compounds in the 
open·road sweeps suggests predominant PAH inputs from combustion in 4-ring 
compounds and a mixture of petroleum and combustion inputs in the 4 and S·ring 
compounds. The 3-ring compounds cannot be simply assigned to combustion and 
petroleum sources (Figure 63). 
Since the higher molecular weight compounds (4 and S-ring) in the open-road 
sweeps seem to mainly consist of a mixture of the three prominent primary sources, 
quantitative apportionment of these sources in the open-road PAH can be attempted using 
mass balance calculations of the form: 
(Eq.2) 
n 
where 2:J k = 1 
k '" 1 
A = Compound of interest 
k = Sources of interest 
f = fractional contribution of A from k 
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With no further constraints, this equation can only be solved uniquely if only tWO m~ior 
components are contributing to the mix. For example, we can combine all the combustion 
sources into a "combustion source" and the petroleum-related sources into a "petroleum 
source" and uniquely solve the contribul.ions of the two sources in the secondary 
reservoirs. Take for example, Fl with a mean ol3C = -25.6%0 in the open road sweep, 
the contributions from combustion (80%) and petroleum (20%) was determined using the 
above equation as follows: 
813C(Flroad'wcCP) = oI3C(FI<omb)(f) + oI3C(FIPct)(1 - f) 
-25.6 = (-25.25)(f) + (-27.20)(1 - t) 
25.25f -27.20f = -27.20 + 25.6 
-1.95f = -1.60 
:. f = 1.60/1.95 = 0.82 
Note that what we are constraining in each case is the contribution of the particular 
compound within an individual source and not the overall PAR contribution from that 
source. Source contributions of PAH can be more accurately assessed if, in addition to 
the isotopic abundance, the molecular abundance of each compound from each primary 
source or end-member is included in a two component mixing equation (e.g .• Langmuir 
et aI., 1978) The mixing equation of Langmuir et al.(1978) is hyperbolic and has the 
form: 
Ax + Bxy + Cy + D = 0 (Eq. 3) 
where x and yare the general variables along the abscissa and ordinate, respectively, and 
A,S,C and D are the coefficients of the general variables x and y. For ratio-ratio plots, 
the coefficients of the general equation are described as follows: 
A = ~b1Y2 - alb2YI 
B = ~bt - alb:! 
C = ~blxl - a tb2x 2 
o = a t b2YI - ~b1Y2 
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For example, if we are mixing Fl and Py in the car soot and crankcase oil end-members 
then: 
Xl = alJe of Fl in car soot 
x2 = 8 13C of FI in crankcase oil 
YI -= clle of Py in car soot 
Y2 = al3e of Py in crankcase oil 
a 1 = concentration of Fl in car soot 
~ = concentration of Fl in crankcase oil 
b l = concentration of Py in car soot 
b2 = concentration of Py in crankcase oil 
Using this mixing equation it is assumed that the compounds inputted to a 
depositional environment from each source is strictly according to the relative abundance 
of those compounds in the source (i.e., no significant preferential loss or gain prior to 
deposition). Because of this assumption, calculations will only be performed on the 4 and 
5-ring PAR as they have been shown to be more stable in environmental systems. The 
concentrations of the individual 4 and S-ring compounds were initially normalized to the 
total 4 and 5-ring PAH content of their respective source or end-member. Using the 
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mixing eqllation, mixing curves were generated for various permutations of the 4 and 5-
ring compounds isolated from the three prominent primary sources investigated. Separate 
mixing curves were defined for the fir~ soot/cra.l1kcas~ oil and car soot/crankcase oil end-
members pairs. For the open-road sweep used in the example above (FI = 
-25.6% 0 ; Py = -25.2%0)' approximately 20% of tht! total PAH input can be attributed to 
crankcase oil inputs. 
The results using the "first approach" (Eq. 2) for the open-road sweep samples are 
summarized in Figure 64 in which the PAH o\3C values are quantitatively compared to 
the combined primary "combustion sources" and "petroleum sources" . Assuming the 
primary sources identified are the main contributors ofPAH to the open-road sweeps, then 
from the isotopic signature alone, Fl, Py and BeP+BaP consists of over 80% combustion-
derived PAH. BaA+Chy and BFl seem to be strongly influenced by petmieum 
contributions (up to 60%) even though petroleum sources have been shown in the present 
study to be relatively depleted in high molecular weight compounds. Petroleum inputs 
to these samples were indicated from the Pal A ratio, but its dominance in the higher 
molecular weight compounds was not apparent from the molecular signature data. 
PAR from petroleum-derived sources seem to have a greater influence on the 
signature of the enclosed cement paved car park (Figure 63). Pa consist of an equal mix 
of both combustion and petroleum-derived sources, whereas the ODC of FI, Py and BFI 
appear to be predominantly of petroleum origin. The 013C of BeP+BaP is similar to its 
counterpart isolated from the open-road samples showing a greater influence of 
combustion-derived sources. Since this is an enclosed car park, it is very likely that car 
Figure 64. Apportionment of the contribution of "combustion" and "petroleum 
"-derived PAH in the individual 4 and S-ring PAH in the open-road 
sweep using only the mean isotopic values of the combined 
combustion and petroleum sources in two component mass balance 
calculations. Pa = Phenanthrene, A = Anthracene, Fl = Fluoranthene, 
Py = Pyrene, BaA+Chy = Benz(a)anthracene and Chrysene, BFI = 
Benzofluoranthenes, BeP+BaP = Benzo( e )pyrene and Benzo(a)pyrene. 
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emissions are the exclusive contributor of BeP+BaP. The significantly depleted &13C 
values of the PAH isolated fr0m the enclosed asphalt paved car park can be fully 
reconciled with petroleum-derived contributions (Figure 63). The ODC values are 
significantly lighter than the mean values of crankcase oils but are within the range 
observed for single source samples. 
The results of the "second approach" (Eq. 3) are broadly consistent with those 
obtained using (Eq. 2) with an overall mean input of crankcase oil to the open-road sweep 
samples of approximately 30% from the various mixing permutations of the 4. and 5-ring 
compounds. Since open-roads are frequently washed due to rainfall, they are considered 
to be a temporary repository for PAH deposits and this affect may account for the 
variability observed in the molecular and isotope signatures. The combustion PAH seem 
to be mainly derived from car emissions based on the mean values of the 4 and 5-ring 
compounds plotting either on or close to the car soot/crankcase oil mixing curve. 
4.7.2 Sewage: 
Similar to the molecular signature data, the overall OIlC of the PAH in untreated 
sewage samples were .similar to the open-road sweeps (Figure 62). A distinct 
predominance of combustion products is indicated by Pa and A being more enriched than 
their counterparts in the primary combustion sources (Figure 62). Based on the mass 
balance calculation (Eq. 2), Fl and Py consisted of over 90%, BaA+Chy and BFI over 
80% and BeP+BaP 65% combustion-derived. However, unlike the open-road sweeps, Py 
in the sewage samples was more depleted than FI indicating a possible petroleum 
influence. The input of petroleum was confirmed using Eq. 3 where the overall input of 
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crankcase oil to the sewage was determined to be approximately 20%, whereas the 
combustion PAH seemed to be derived from both fire and car emissions. The dominance 
of combustion PAH in the sewage suggests that these compounds are continually being 
flushed to the storm sewers from the open-road surfaces due to rainfall where they 
combine with domestic sewage prior to discharge (Hoffman et a1., 1984; Broman et al ., 
1988; Wild and Jones, 1993). Interestingly, the sewage itself does not appear to 
contribute PAH that could have significantly altered the road sweep signature. Road 
sweep inputs to the sewers are also apparent from the magnitude of the UCM which was 
similar for both the open-road sweep and sewage samples. 
4.7.3 Snow: 
Similar to open road sweeps and sewage samples, the ODC values of high 
molecular weight PAH in bulk snow were isotopically depleted compared to lower 
molecular weight compounds (Figure 62). Pa in snow was enriched more enriched in 13C 
than Pa in the prominent primary sources and the oUC values of FI, Py, BaA+Chy and 
BFl are potentially related to a combination of these sources. Using Eq. 2, over 90% of 
FI and Py are of combustion origin, while BaA+Chy and BFI comprise of 25 and 55% 
combustion-derived sources, respectively. As was also observed for the open-road sweep 
samples, the influence of petroleum on these high molecular weight compounds was not 
reflected in the BaA/Chy and BaPIBeP compositional ratios (molecular signatures). 
Similar estimates of PAH origin can be drawn from the use of Eq. 3 where the 
mean input of crankcase oil was estimated to be approximately 30%. The mean values 
of the high molecular weight compounds plot closer to the crankcase oil end-member, 
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indicating the dominance of crankcase oil in these compounds and similar to the sewage 
the combustion contributions seem to comprise of a combination of both fire and car soot 
emissions. 
4.7.4 Summary of secondary isotopic signatures: 
CSIA of the individual PAH in secondary sources allows for the determination of 
relative contributions of "combustion" and "petroleum"-derived PAH to be quantitatively 
estimated using simple two component mass balance calculations. These calculations 
indicate that FI and Py in all three sources (open-road, sewage and snow) and BaA+Chy. 
BFI and BeP+BaP in sewage seem to be predominantly of "combustion origin". In 
contrast, BaA+Chy. BFl and BeP+BaP in open-road sweeps and composite snow samples 
are influenced primarily by "petroleum" inputs. The relative pro pOi ~ion of combustion 
and petroleum derived-PAH in the secondary sources indicate that the individual 
compounds from the primary sources have specific pathways and modes of degradation 
that are preferentially undergone prior to deposition. Their physical and chemical 
characteristics dictate the pathway they follow and their susceptibility to degradation 
reactions. In contrast to Eq. 2, the overall contribution ofPAH to the secondary sources 
from the three prominent primary sources investigated can be further elucidated using a 
combination of the carbon isotope and molecular abundance data in two component 
Langmuir mixing calculations (Eq. 3). Using both equations, greater crankcase oil 
". 
contributions were identified in the PAH of the open-road sweeps and roadside snow 
samples compared to the sewage samples. The combustion PAH in the open-road sweeps 
seem to be mainly derived from car emissions whereas, inputs from both fi,e and car 
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emissions are implicated for the roadside snow and sev:agr} samples 
Although, only a limited number of sewa~:e and snow samples were analyzed, the 
overall isotopic signatures of the three secondary sources were comparable. The similarity 
in the oDe values was also reflected in their respective molecular signatures where all 
sources were characterized by the presence of 3, 4 and 5-ring parental PAH and a 
prominent UCM. However, the prominent petroleum influence in the high molecular 
weight compounds of the open-road sweeps and composite snow sample was not evident 
in the compositional ratios of their respective molecular signatures. The dominance of 
combustion-derived PAH in the untreated sewage samples, suggests the continual flushing 
ofthcse compounds from road surfaces to the sewer system and sewage itself does not 
seem to influence the o1le of road runoff PAH. The 013C of Pa, MPa and A seem to be 
. influenced by weathering or by contributions of these 3-ring compounds from an 
uncharacterized source. The use of the molecular signature and carbon isotope data was 
found to be highly complementary in elucidating specific primary PAH sources in 
secondary reservoirs. The advantages of carbon isotope analysis is highlighted in where 
the contribution of "combustion" and "petroleum"-derived sources can be quantitatively 
estimated for the individual compounds in the various secondary source samples. Also, 
the overall PAH contribution from the prominent primary sources can be more accurately 
quantified using a combination of the carbon isotope and molecular abundance data in two 
component mass-balance calculations. 
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4.8 Source apportionment of PAH in St. John's Harbour 
4.8.1 Molecular signatures: 
The molecular signature of the surface and deeper sediments in St. John's Harbour 
is characterized by varying concentrations of 3,4 and 5-ring parental PAH (Figure 61). 
irrespective of the range in P AH concentrations, the relative distribution of these 
compounds is indicative of high temperature combustion (Laflamme and Hites, 1978; 
Lake et aI., 1979; Wakeham et ai., 1980a; Gschwend and Hites, 1981; Prahl and 
Carpenter, 1983; Boehm and Requejo, 1986; Killops and Howell, 1988; Brown and 
Maher, 1992). Also, the molecular signatures were characterized by the presence of 
methylated-PAH and a UCM indicating possible petroleum inputs (Dastillung and 
Albrecht, 1976; Boehm and Farrington, 1984, Socha and Carpenter, 1987; Kennicutt II 
et al., 1991; Kennicutt II et al., 1992; Volkman et al., 1992). Finally, the presence of 
retene and perylene which may be either anthropogenic or diagenetic (early) in nature was 
also identified (Wakeham et al., 1980b; Tissier and Saliot, 1983; Venkatesan, 1988; 
Colombo et aI., 1989; Lipiatou and Saliot, 1992). In summary, the molecular signature 
of the St. John's Harbour sediments suggests PAH contributions from at least three 
potential sources: combustion, petroleum and possibly diagenesis. 
In order to compare the PAR concentrations inside and outside the Harbour, the 
concentrations of the individual compounds were normalized to the mean total organic 
.... . 
carbon content (TOC) recorded for samples inside (TOC: 11%) and outside (TOC: 0.5%) 
the Harbour. After normalization to TOC, higher PAH concentrations inside the Harbour 
were recorded in samples close to the sewage outfalls, and thus seem to be related to their 
288 
proximity to the various input sources. PAH concentrations outside the Harbour were 
lower, indicating that PAH rich sediments are trapped inside the Harbour or that the 
sediments outside the Harbour are diluted with PAH-poor particulates. The concentration 
of the individual parental PAH were generally greater than the methylated compounds and 
based on the results from Core 18 (sampled inside the Harbour), concentrations generally 
decreased with depth with the exception of a slight increase occurring at approximately 
at 20 cm (Figure 44). 
Compositional ratios of the prominent PAH in the surface and deeper samples are 
summarized in Figure 65. Mean surface s?mple ratios are compared to the values of the 
primary and secondary sources investigated in the present study in Figure 54. The 
relatively low PalA ratio (1.9) in the surface sediment, which is indicative of significant 
combustion contributions, is similar to those calculated in previous studies (Table 18~ 
Larsen et aI., 1983; Killops and Howell, 1988; Brown and Maher, 1992). Low Pal A 
ratios in sediments have been previously attributed to solubility and reactivity differences 
where Pa is approximately 20 times more soluble than anthracene in natural aqueous 
environments (Lake et aI., 1979; Readman et aI., 1982~ Sporstol et aI., 1983). Despite 
this difference in solubility, these compounds are still extremely hydrophobic and the 
relatively low PalA ratios (i .e., lower than the mean combustion ratios) is probably related 
to mixing of different combustion sources since Pal A ratios as low as 1.4 have been 
recorded in a number of the car soot samples in the present study. The Fl/Py ratio (1.2), 
again a prominent indicator of combustion, is comparable to the FIIPy ratios reported for 
sedt\'l1ents from other similar systems (e.g., Penobscot Bay, Boston Hbr. , Severn Estuary, 
Figure 65. Mean and range (standard deviation~ 20') of compositional ratios of 
the prominent PAH in the surface and deeper samples of S1. John's 
Harbour and Conception Bay. 
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Table 18. A comparison of the reported compositional ratios for a range of 
PAH isolated from surface sediments with the mean values obtained 
for St.John's Harbour and Conception Bay. 
Study Site PalA 
Severn Estuary 2.9 
Severn Estuary 3.8 
Severn Estuary 
Tamer Estuary 3.9 
Wash. State 3.8 
Puget Sound 4.0 
Puget Sound 4.5 
Penobscot Bay 0.8 
Puget sound 
Med. (West) 5.9-10.6 
Casco Bay 2.6 
Penobscot Bay 5.1 
Elizabeth 
Boston Harbour 125.6 
Chesapeake Bay 
Chesapeake Bay 
Bedford Harbour 3.6-6.1 
Halifax Harbour 4.1 
Australia 2.5-3.6 
Georges River 1.7 
Gulf of Mexico 3.5 
St. John's Harbour 1.9 
Conception Bay 
F1/Py 
1.2 
1.6 
1.2 
0.9 
1.0 
0.9 
0.9 
1.3 
1.0 
1.6 
0.8 
6.9-9.7 
1.5 
1.3 
0.8-3.5 
1.1 
1.2 
0.9-0.3 
0.9 
1.0 
1.2 
1.2 
8aA/Chy 
0.7 
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Bedford Hbr. and Halifa.x Hbr. (Table 18; Johnson et aI., 1985: Shiaris and Jambard-
Sweet, 1986; Killops and Howell, 1988; Pruell et ai, 1990; Gearing el aI., 1991). 
However, the FlfPy ratios of the St. John's Harbour sediments cannot be conclusively 
related to either of the two primary combustion sources. The mean ratios of the fire and 
car soot samples suggest possible contributions from both of these prominent combustion 
sources. Similarly, the BaA/Chy ratio (0.80) also indicates that BaA and Chy are of 
combustion origin. However, unlike FI and Py, the generally higher BaA/Chy ratio 
suggests that the primary source of these particular compounds may be related to car 
emissions. The BaP/BeP and the PalMPa ratios of the ~;ediment cannot be clearly 
reconciled with any of the primary source signatures. This could indicate that these ratios 
have limited value for source apportionment because of the reactivity of SaP and 
methylated Pa in the environment (Kamens et aI., 1988; Canton and Grimalt, 1992; 
Ehrhardt et aI., 1992). In summary, the compositional ratios of the prominent compounds 
suggest that the PAH in St. John's harbour sediments are predominantly of combustion 
origin, with possible evidence from the PaiA and SaA/Chy ratios to specifically support 
car soot inputs. The reactivity of MPa and SaP seems to have resulted in the altera~ion 
of their source compositional ratios during transportation and therefore may not be a 
reliable source indicator. 
In addition to the compositional attributes of the parental PAH, the presence of 
methylated compounds and a UCM in the surface sediments indicates possible petroleum 
inputs of PAH to the Harbour. The UCM is generally indicative of petroleum and 
petroleum products, and is a widely used indicator of petroleum contamination in 
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sediments (Simoneit and Kaplan, 1980; Barrick et aI., 1980; Prahl and Carpenter, 1983; 
Volkman et aI., 1992). It is commonly assumed that a UCM consists primarily of an 
accumulation of multi·branched structures that are formed as a result of biodegradation 
reactions (Killops and Juboori, 1990; Volkman et aI., 1992). Since no clear indication of 
petroleum-derived inputs can be discerned from the compositional ratios of the prominent 
PAH in the sediments, it is concluded that the compositional ratios of prominent 
petroleum PAR are masked by combustion-derived components. Also, the absence of a 
clear petroleum signature in the Harbour sediments may be due to preferential degradation 
because of the reported weak association of petroleum compounds with particulates (Prahl 
and Carpenter, 1984; Maher and Aislabie, 1992). 
Retene and perylene, which can liave either a diagenetic or anthropogenic origin 
were also identified in the surface sed:ments. Retene is usually derived from the 
transformation of diterpenoids with an abietane skeleton, such as dehydro-abietic acid 
(Figure 4). This transformation can occur either by early diagenesis in the sediment 
(Wakeham, et al., 1980b, Tan and Heit, 1981) or through the thermal degradation of wood 
resins during combustion (Ramdahl 1983 a). The presence of retene in varying quantities 
in all surface sediments, and its conspicuous absence in the prominent secondary sources 
(road sweep and sewage samples) suggests that it was primarily derived by in-situ early 
diagenesis. Perylene, a pentacyclic unsuhstituted PAH, was also found in most of the 
surface samples. The origin of perylene is controversial with both natural and 
anthropogenic sources proposed (Prahl and Carpenter, 1979; Colombo et al ., 1989; Tissier 
and Saliot, 1983; Saliot et aI., 1988; Venkatesan, 1988; Lipiatou and Saliot, 1992). 
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Tissier and Swiot (1983) reported that a perylene contribution of more than 10% to the 
total unsubstituted PAH in sediments is indicative of a diagenetic origin. Since perylene 
only accounts for 2 to 3% of the total unsubstituted PAH, it may be derived from 
anthropogenic inputs. The origin of perylene has also been traced using the Py/Pery ratio 
where values greater than one are indicative of anthropogenic origin and values less than 
one are associated with diagenetic production (Lipiatou and Saliot, (992). The mean 
PylPery ratio fo(, the St John's Harbour surface sediments is significantly greater than 
unity, therefore supporting anthropogenic contributions ofperylene. However as was also 
observed by Wakeham et al. (1980b), in the deeper samples of Core 18, the PylPery ratio 
decreased indicating that perylene is also diagenetically produced (Figure 65). Since only 
one core was analyzed in this study, further analysis of other cores would confirm this 
observation. 
With the exception of PylPery (discussed previously), the compositional ratio of 
the prominent PAH did not vary significantly in the top 30 cm of Core 18 (Figure 65). 
This suggests either the PAH input sources have not drastically changed or the 
concentrations are not being altered due to weathering reactions. Samples greater than 
30 cm deep were not investigated since the concentration of the individual compounds of 
interest were generally low and our initial sediment sample sizes were not adequate to 
allow isotopic measurements to be performed. 
Secondary sources were investigated to elucidate pathways by which PAH are 
deposited in the Harbour sediments. The compositional ratios (PalMPa, FI/Py and 
BaA/Chy) and the relative contributions of 4 and S-ring PAR in the Harbour are similar 
to the road sweep, sewage and ~now samples (Figure 54). This suggests that surface 
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runoff and runoff via the sewer system and snow inputs are the predominant pathways for 
PAH deposition in the sediments. The lower PAH concentrations outside the Harbour 
also support this observation. S~veral studies have identified surface runoff, due to 
elevated precipitation, as an important mechanism for PAH deposition in coastal 
environments (Hoffman et aI., 1984; Broman et aI., 1988; Latimer et aI., 1990; Evans et 
aI., 1990; Naf et al., 1992). Snow, with the ability to concentrate both combustion and 
petroleum PAR, is also an important pathway for PAH deposition both through direct 
dumping in the winter and snow melting in the spring (Boom and Marsalek 1988; Pham 
et al., 1993). Preliminary investigations of PAH concentrations in atmospheric 
particulates from the St. John's area indicate that concentrations are generally very low, 
and are therefore unlikely to be a major pathway for direct PAH deposition in the 
Harbour. However, dry and wet deposition of atmospheric particulates into the watershed 
emptying into the Harbour can be indirectly important, as indicated by the wood burning 
signature detected in the sewage and snow samples. 
4.8.2 Carbon Isotope Signature: 
There is no characteristic trend in the OllC between the low and high molecular 
weight PAH in the surface and deeper sediments of St. John's Harbour. However, the 
isotopically enriched A and the trend between Pa and MPa suggests combustion-derived 
PAH whereas the marginally depleted Py compared to FI suggest inputs of petroleum 
sources. As observed for the secondary source signature, the mean isotopic values of Pa, 
MPa and A are more enriched than their counterparts in the primary source samples. This 
was attributed to either a contribution from an uncharacterized source or isotopic shifts 
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due to extensive photolytic degradation of these compounds. However, the isotopic 
signatures of these 3-ring compounds in the sediment, appear to have been simply 
inherited from the secondary sources. Interestingly, variations between the individual 
isotopic values of the PAR in the sediments were significantly less than observed for the 
corresponding compounds in the primary sources. As observed for the molecular 
signatures, there was no systematic change in the ol3e with increasing depth (Figure 46). 
Also, there was no apparent seasonal difference in the Bile values of the PAH isolat'.!d 
from the samples collected during fall '92 and summer '93 . This suggests that the 
sediments are isotopically well mixed or there is very little temporal variability in the 
isotopic value of the combined primary source inputs. 
The isotopic signature of the PAH from all the surface samples are broadly similar 
and can be quantitatively related to the prominent primary sources investigated in the 
present study (Figure 66). Significant enrichments ofPa, MPa and A relative to the 4 and 
5-ring compounds were consistently observed in all the individually analyzed samples. 
This may be attributed to the input of road sweep material, via the sewer system which 
was demonstrated in the present study to be an important source of these isotopically 
enriched 3-ring compounds. Road sweep inputs to the Harbour were also recognised as 
an important pathway for PAR deposition, based on the compositional ratios of the 
secondary sources. The consistency in the BI3e of Pa (-25.9°/00 to -25.2% 0 ) in the surface 
sed.iments suggests that it is possibly derived from an isotopically enr.iched source rather 
than from some alteration reaction. In this study, Pa has been shown to be photostable 
and if degradation was occurring in the water column and sediments, it is unlikely that 
.~.: 
Figure 66. Comparison of the 3 -ring parental and methylated PAH and the 4 and 
5-ring parental compounds in the surface sediments of St. lohn's 
harbour with the three prominent primary sources. Also included is 
the relative contribution of "combustion" and "petroleum"-derived 
PAH. Pa = Phenanthrene, A = ~nthracene, MPa = Methyl 
Phenanthrene, FI = Fluoranthene, Py = Pyrene. BaA+Chy = 
Benz(a)anthracene and Chrysene, BFl = Benzofluoranthenes, 
BeP+BaP = Benzo(e)pyrene and Benzo(a)pyrene. 
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it would be altered to the same degree in all samples, because of the varying water and 
sediment characteristics in the Harbour. Isotopic fractionations due to Pa solubility are 
also unlikely as shown by the microbial experiments in an aqueous media. In summary, 
in spite of the enriched BIlC of Pa, MPa and A in the surface sediment, the absolute BI1C 
values of these 3-ring compounds suggest a dominant combustion origin. Evidence of 
petroleum cont~mination is indicated by the relatively depleted pyrene, a trend which was 
consistently observed in most of the samples investigated. 
As previously described in section 4.7.1, quantitative apportionment of the higher 
molecular weight parental compounds (4 and 5-ring) can be undertaken using two-
component mass balance calculations. The mass balance calculation using Eq. 2 
constrains fractions contributed by the "combustion" and "petroleum" components to the 
individual compounds, rather than the total PAH contribution of the source. The results 
using this approach suggest that contributions from petroleum sources are greater than 
what was originally suggested by the molecular signatures (Figure 66). The Bile of FI, 
Py, BaA+Chy and BeP+BaP requires over 20% petroleum-derived PAH while the BI3C 
of BFI is dominated by combustion inputs (90%). 
A more effective approach to apportioning the primary source inputs to the total 
PAH inventory of the Harbour sediments was described earlier (Eq. 3). The results of the 
various mixing permutations performed using the 4 and 5-ring parental PAR in the 
prominent primary sources are summarized in Figures 67-71, along with the mean and 
individual Bile of the PAH isolated from the surface and deeper sediment samples. The 
error bars represent the natural range of isotopic values (10') observed for that particular 
Figure 67. Fluoranthene (FI) and pyrene (Py) 5 13C values of the individual 
sediment samples from St. John's Harbour plotted on the mixing 
curves generated ': by mixing the ol3e and the normalized 
concentrations of these compounds in the prominent primary sources. 
Error bars represent the range (10) observed in the single and 
composite samples of these sources. Letters represents the sample 
sites sampled in St. John's Harbour (see Figure 10) 
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Figure 68. Pyrene (Py) and combined benz(a)anthracene+chrysene (BaA+Chy) 
O\3C values of the inGividual sediment samples from St. John's 
Harbour plotted on the mixing curves generated by mixing the OIlC 
and the normalized concentrations of these compounds in the 
prominent primary sources. Error bars represent the range. ( 1 0') 
observed in the single and composite samples of these sources. 
Letters represents the sample sites sampled in St. John's Harbour (see 
Figure 10) 
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Figure 69. Pyrene (Py) and combined benzo(e)pyrene+benzo(a)pyrene 
(BeP+BaP) BI3e values of the individual sediment samples from St. 
John's Harbour plotted on the mixing curves generated by mixing the 
aIle and the normalized concentrations of these compounds in the 
prominent primary sources. Error bars represent the range (10') 
observed in the single and composite samples of these sources. 
Letters represents the sample sites sampled in St. John's Harbour (see 
Figure 10) 
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Figure 70. 
.'i 
Combined benz(a)anthracene+chrysene (BaA+Chy) and 
benzo(e)pyrene+benzo(a)pyrene (BeP+BaP) BIlC values of the 
individual sediment samples from St. John's Harbour plotted on the 
mixing curves generated by mixing the BIlC and the normalized 
concentrations of these compounds in the prominent primary sources. 
Error bars represent the range (10') observed in the single and 
composite samples of these sources. Letters represents the sample 
sites sampled in St. John's Harbour (see Figure 10) 
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Figure 71. Pyrene (Py) and the benzo(b)fluoranthene (BFI) BIle values of the 
individual sediment samples from St. John's Harbour plotted on the 
mixing curves generated by mixing the Bt3e and the normalized 
concentrations ofth.ese compounds in the prominent primary sources. 
Error bars represent the range (10') observed in the single and 
composite samples of these sources. Letters represents the sample 
sites sampled in St. John's Harbour (see Figur~ 10) 
en 
Q) 
c: 
Q) 
.s:: 
..... 
c: 
0 
L.. 
0 
:::J 
--
0 
N 
c: 
Q) 
ID 
u 
I"') 
.-
co 
• Sites in cr. oil/cur soot array 
'V Sites in cr. oil/fire sool array Fire Soots 
Mean (100%) 
/ , 
, , 
, 
-27 I , 
, 
/ , , 
I 
I , 
, 
I , 
I , 
, 
, 
I , 
" I , , 
I , , 
I' , 
/, 
-28 
Car Soots 
100%) 
310 
-29 ~------~--------~--------~--------~--------~ 
-29 -28 -27 -26 -25 -24 
15 13C Pyrene 
311 
compound during the analysis of the various single and composite source sampl~s. From 
the various mixing permutations considered, the o\3e of the 4 and 5-ring PAH isolated 
from the various sediments generally form positive mixing arrays between the fire and car 
soot and crankcase oil end-members, quantitatively substantiating earlier assertions that 
a mixtures of these prominent prim?,;)' sources could explain the range of oDe values 
observed in these particular sediments. The validity of these mixing arrays is further 
validated by unc4anging relative positions of the individual sites (e.g., -S, J and F; Figure 
10) in the mixing array (within experimental error) regardless of the projection used. In 
general, as indicated by the dominance of the 3, 4 and S-ring parental PAH in the 
molecular signatures, PAH of combustion origin seem to be dominant contributors to the 
Harbour sediments. This is shown by the bulk of the data po~'its which are concentrated 
close to the two combustion end-members (Figures 67, 69, 70 and 71). From the position 
of the mean values on the mixing curves, the average combustion input is estimated to 
be approximately 70% while the remaining 30% of the PAH seem to be derived from 
crankcase oil contributions. Sites H and J are particularly enriched in combustion-derived 
PAH, while the maximum input of crankcase oil (~50%) consistently occurred at site E 
indicating the heterogenous nature of these sediments which was not evident from the 
molecular signatures. The percentage input of crankcase oil is similar to the range (20 
to 33%) calculated for the individual 4~!1li 5-ring compounds using the simpler mass 
balance approach (Eq. 1). The relative importance of the two primary combustion sources 
(fire soot vs. car soot) as PAH contributors to the sediments is also insinuated by these 
mixing curves. With the exception of sites A, H, K and L which plot closer to the fire -
". ~ .. 
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soot/crankcase oil mixing array, all the remaining sites tend to be concentrated close to · 
the car soot/crankcase oil mixing curve (Figures 67, 68 and 70). This indicates that a 
significant portion of the combustion~derived PAH it; the Harbour is of car emission 
origin. This characterization is particularly i~vident in Figures 68 and 71 where the arrays 
tend to be well separated. Despite the lack of distinct evidence in the molecular signature 
data to suggest the importance of car soot emissions in the combustion signatures, inputs 
of car soot PAH to the sediments were insinuated from the low Pa/A and elevated 
BaA/Chy compositional ratios (Figure 54). The dominance of car soot PAH compared 
to fire soots suggests that a significant portion of wood burning emissions are being 
transported away from the sampling area due to wind dispersion, and that car soot inputs 
mainly occur as a result of road runoff. The presence of retene, identified in most of the 
surface sediments samples is mainly related to early diagenesis rather than from wood 
burning sources (see pages 294~295), despite having a similar al3e value to these sources. 
This is supported by the apparent absence of retene in the open-road and sewage sample 
molecular signatures, which are identified to be the predominant pathways for PAH input 
to the Harbour. There was also a notable absence of retene in the atmospheric air 
samples investigated in the present study. The input of petroleum or petroleum )roducts 
to the sediments is not surprising since most of the individual samples were characterized 
by the presence of a prominent UeM. 
The prominence of car soot and crankcase oil PAH in sediments supports the 
suggestion that road runoff and runoff via the sewer system, and not aeolian deposition 
is the main pathway for PAH input to th~ Harbour sediments. This is also reflected by 
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the similarity in the isotopic values of the PAH in the sewage and sediment samples 
(Figure 72) . Input of road sweep materials to the sediments was also supported by the 
presence of asphalt like particulates similar to those observed in the open-road sweeps. 
Due to the absence of major industries in the St. John's area, sewage is dominated by 
domestic sources. Sewage PAR content is therefore predominantly derived from aerially 
deposited combustion products, car emissions, crankcase oil by direct spillage and engine · 
loss (GESAMP, 1993), and road sweep products such as weathered asphalt, tire and brake 
wear. The occurrence of early diagenesis in these sediments is supported by the presence 
of perylene in the deeper samples which was concluded to be derived from diagenetic 
alteration reactions based on the PylPery ratio. Reliable isotopic measurements could not 
be performed on perylene due to coelution with unidentified high molecular weight 
biological compounds. 
In conclusion, using both the molecular si·gnatures and the al3e of the PAH 
isolated from St. John's Harbour, sources of combustion and petroleum-derived PAH 
along with diagenetic sources were positively identified. From a combination of the 
molecular abundance data and the cSlle of the individual PAH, car emissions were 
identified as important contributors of combustion-derived compounds whereas an average 
of 30% w~ derived from crankcase oil contributions. Direct road runoff, runoff via the 
storm sewers and snow dumping were identified to be the most likely pathways for PAH 
input to the Harbour using both the molecular signature and carbon isotope data. In this 
particular site, the combined use of molecular signature data and eSIA elucidated the 
. prominent sources of PAH in the sediments. However, eSIA has the added advantage 
Figure 72. Comparison of the cS 13C of the parental PAH in the surface sediment 
of 8t. John's Harbour and Conception Bay and the secondary source 
samples. Pa = Phenanthrene, A = Anthracene, Fl = Fluoranthene, Py 
= Pyrene, BaA+Chy == Benz(a)anthracene and Chrysene, BFt = 
B enzofluoranthenes, BeP+B aP = Benzo( e )pyrene and B enzo( a)pyrene. 
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that a more quantitative approach to apportionment can be undertaken using the individual 
ODC alone or in combination with the molecular abundance data and mass-balance 
models. It should be noted that these mixing equations used only the more stable higher 
molecular weight 4 and 5-ring compounds to avoid uncertainties related to possible 
weathering fractionations involving lower molecular weight compounds. 
4.9 Source apportionment of PAH in Conception Bay: 
4.9.1 Molecular signature: 
Surface and deeper sediments in Conception Bay are characterized by 3,4 and 5-
ring parental PAH, suggesting the predominance of combustion-derived inputs (Figure 61). 
The molecular signature is also characterized by the notable presence of retene and 
perylene. Concentrations (normalized to TOC, 0.8-1.0 %) of the individual compounds 
were considerably less than that of PAH in the Harbour site and generally below the 
threshold of 55 nglg of dry sediment, considered as a baseline for uncontaminated 
sediments (La Flamme and Hites, 1978; Martel et aI., 1986). 
The mean and standard deviation of the compositional ratios of the prominent 
PAH are shown in Figure 54 and mean values are summarized according to depth in 
Figure 65. There were no distinct trends in the compositional ratios of the prominent 
compounds in the surface sediments witt: increasing .distance from the shore. The 
. variations observed in these ratios are within the analytical error normally associated with 
. measurments at rehtively low PAH concentrations. Anthracene concentrations in the 
sediments were generally below the level of 10 nglg to allow reliable Pa/A ratio 
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determinations. However, the generally low concentration indicates that the Pal A ratio 
is high and greater than the ratio observed for combustion sources. A mean FIIPy ratio 
(1.2) for surface sediments is comparable to the value determined for St. John's Harbour 
and to values reported previously (Johnson et aI., 1985; Shiaris and Jambard-Sweet, 1986; 
Killops and Howell, 1988; PrueH et ai, 1990; Table 18). Despite the dominance of 
fluoranthene and pyrene in the sediments, their prominent input source cannot be 
elucidated from the compositional ratios of the sediments and the primary combustion 
sources. Also, the BaA/Chy ratio (0 .7) was comparable to values reported in a number 
of previous studies (Table 18; Readman et aI., 1986; Foster and Wright, 1988; Brooks et 
a1., 1990). Possible PAH contributions from both fire and car soots is indicated, but 
again, it is not possible to discriminate betwe.en inputs from these two combustion 
sources. There is no association between the mean compositional ratios of surface 
sediments and the composite soot sample from the power generating station (Figure 54). 
This indicates that the PAH contributions from the power generating station to Conception 
Bay are not significant. In summary, the mean compositional ratios of the prominent 
compounds in the surface sediments of Conception Bay are primarily indicative of 
combustion, with little evidence of petroleum contamination. The absence of a UCM also 
confirms that petroleum inputs to these sediments are insignificant. In spite of the 
absence of an obvious petroleum signature, intermittent petroleum inputs can only account 
for the trace levels of sulphur heterocyclics and alkyl-substituted naphthalenes identified. 
With the exception of the relatively elevated Chy concentrations in the top 4 em 
at site CTR 23, inter-site variations in the concentrations of individual compounds were 
. '
318 
generally small (Figure 43). Elevated Chy concentrations and a relatively low FIIPy ratio 
(0.9) at site CTR 23 may indicate petroleum contributions at this particular site. The 
absence of alkylated PAH may therefore be due to the preferential weathering of these 
compounds in the sediments (Smith et ai., 1991; Ehrhardt et aI., 1992). The total PAH 
concentrations in the surface sediments ranged between 210 and 450 nglg and there was 
no apparent relationship between total concentration and location of sampling. 
There was no change in the mean FllPy and BaA/Chy ratios and percentage of 4 
and 5-ring PAH with increasing depth (Figure 65). Samples representing depths of up to 
20 em were analyzed corresponding to approximately 40 years of sediment deposition 
based on a deposition rate of 0.5 emlyear (Ostrom, 1992). Concentrations of individual 
compounds in the top 14 cm were comparable, while levels at 20 cm were below the level 
of detection of 10 ng/g. This homogeneity with depth was also evident from metal 
concentrations and partir,le size analysis data (Appendix C and D). Since Conception Bay 
is a low energy environment, sediment mixing is chiefly related to bioturbation. The top 
10 cm of sediment contains a rich population of bioturbators which include deposit 
feeding polychaetes (Maldane sars; and Prionosp;o steenstnlpi), mud stars (Ctenodiscus 
crispatlls), bivalves (Macoma calcarea) and a range of sipunculida and echinodermata 
species (Scheibe, 1991). The mechanisms and the degree of mixing in the sediments is 
expected to differ with location throughout the Bay. 
In contrast to the parental PAH, retene and perylene are quite prominent in the 
surface and deeper samples. The greater abundance of retene compared to the parental 
compounds suggests that it is primarily of diagenic origin. Evidence in support of a 
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diagenetic origin for retene was also apparent in the preliminary ::.irsamples which were 
characterized by the notable absence of retene. The percentage of perylene to total PAH 
ranged between 11.4% and 18.8% in the surface samples and between 15.8% and 29.8% 
in the deeper sediments. The dominance of perylene particularly in the deeper sediments 
and the low PylPery ratio (0.4 to 0.9; Figure 65) imply that it is mainly derived from the 
diagenetic alteration of terrestrial or marine precursors rather than from anthropogenic 
sources. Inputs of both marine and terrestrial sources were identified in the sediments 
using the enriched cS I3C of the bulk sediments (-21.9 to -2l.so/oJ and the n-alkane 
distribution (odd predominance) (Figure 73; Barrick et aI., 1980; Saliot et aI ., 1988; 
Rowland and Robson, 1990; Morel et aI., 1991; Steinhauer and Boehm, 1992; Lipiatou 
and Saliot, 1992). 
The absence of a concentration gradient in the surface sediments with increasing 
distance from the shore suggests either efficient and extensive mixing in the water column 
or the dominance of aeolian pathways for particulate deposition. Aeolian deposition is 
recognised to be the most important PAH depositional pathway in similar sites that are 
remote from extensive urban development (Laflamme and Hites, 1978; Lake et aI., 1979; 
Tissier and Saliot, 1983). Despite the lack of a concentration gradient, compositional 
ratios such as FIIPy and BaA/Chy are comparable to those of secondary source samples 
such as roadsweeps. Hence, direct PAH r.ontributions from road runoff (e.g., during 
spring snow melt) cannot be precluded. 
4.9.2 Carbon isotope signature: 
The BIlC of individual parental PAH isolated from surface and deeper samples 
were comparable. Despite relati vely low PAH concentrations identified in these 
Figure 73. Total ion chromatogram of the n-alkane fraction of a surface 
sediment sample from Conception Bay showing a dominance of the 
odd numbered n-alkanes. IS = internal standard 
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sediments, precision in the isotopic measurements was comparable to that recorded for 
St. lohn's Harbour (Figure 74) . The ol3C of Pa, FI, and Py were similar while BaA+Chy 
was more enriched and the ol3e ofBFI and BeP+BaP were generally more depleted. The 
ODe of retene ranged between -28.10 / 00 and -24.5°/00 and the values for peryJene ranged 
between -25 .2% 0 and -22.4%0' 
In contrast to the primary sources, Pa in the surface sediment is more enriched (cf., 
St. John's Harbour) while the higher molecular weight 4 and 5-ring PAR o\3e are 
intermediate between combustion and petroleum sources (Figure 75). With the exception 
of BaA+Chy, BIlC values of parental PAR in Conception Bay are comparatively more 
depleted than their counterparts in St. John's Harbour (Figure 74). Surprisingly, the 
overall isotopic signature, appears to indicate that petroleum inputs may have a greater 
influence on the BllC of PAH in Conception Bay than in the Harbour sediments. 
On the basis of Eq.2 the mean Ol3C of FI, BFI and BePlBaP indicates inputs of 
between of between 40 and 55% petroleum, while pyrene and BaA/Chy comprised 
approximately of 25% petroleum-derived PAH (Figure 75). The 013C of the PAH from 
surface and deeper samples were also plotted on the same ratio-ratio mixing curves that 
were generated from the BI3C and molecular abundances of the 4 and 5-ring PAH in the 
prominent primary sources (Eq. 3). These plots shown in Figures 76 to 80 are broadly 
consistent with two-component mixing with surface samples A, B and D consistently 
plotting closer to the combustion end-members and H, C and D8 are shifted in the 
direction of a second component. The trend in the relative positions of some of the 
sample sites cannot be compared because of the absence of the data points for some of 
Figure 74. The mean and range (standard deviation; 20) of the oDe of the 3, 
4 and 5-ring parental PAH in the surface sediments samples of 
Conception Bay and St. John's Harbour. 
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Figure 77. Pyrene (Py) and the combined benz(a)anthracene+Chrysene 
(BaA+Chy) cSllC values of the individual surface and deeper sediment 
samples from Conception Bay plotted on the mixing cu~;cs generated 
by mi~ir.g the cS I3C and the normalized concentrations of these 
compounds in the prominent primary sources. Error bars represent 
the range (10') observed in the single and composite samples of these 
sources. Arrows represents direction and possible shifts from the 
end-members of the mixing array. 
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Figure 78. Pyrene (Py) and the combined benzo(e)pyrene+benzo(a)pyrene 
(BeP+BaP) ol3C values of the individual surface and deeper sediment 
samples from Conception Bay plotted on the mixing curves generated 
by mixing the o13e and the normalized concentrations of these 
compounds in the prominent primary sources. Error bars represent 
the range (1 cr) observed in the single and composite samples of these 
sources. Arrows represents direction and possible shifts from the 
end-members of the mixing array. 
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benzofluoranthene (BFl) Ol3C values of the individual surface and 
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Error bars represent the range (10') observed in the single and 
composite samples of these sources. Arrows represents direction and 
possible shifts from the end-members of the mixing array. 
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the high molecular weight compounds. However, unlike St. John's Harbour, where a 
mixture of the three characterized primary SOUl :es accounts for the isotopic signature of 
the identified PAR, the trajectory of the mixing array for Conception Bay points to rut 
alternative source or mixture of sources contributing to the total PAH inventory of these 
sediments. This is shown by the direction of the arrows in Figures 77, 79 and 80 where 
there is .. ' . .tendency for the sample sites to be shifted away from the crankcase oil 
component toward a source with more enriched Py. Moreover, sample sites close to the 
combustion. end-members, despite their resemblance to the fire soots, also seem to be 
somewhat shifted in favour of a more isotopically depleted combustion source. However, 
because of the variability observed in the combustion sources, combustion cannot be ruled 
out as an e,~planation for the latter observation. However despite the variability, a definite 
combustion input appears to be reflected in these sediments (cf., molecular signatures). 
Fire soots seem to be more important contributors of combustion-derived PAR than car 
soots, an interpretation strongly supported by the Ol3C value for Py. The shift away from 
crankcase oil tends to suggest some other source besides crankcase oil is contributing to 
the relatively depleted PAR in the sediment. Outboard motor condensates, which has 
been shown in the present study to be a potential source of both combustion and 
petroleum-derived PAH is one potential source of these compounds, since these are 
extensively used for recreational activity at this site. Despite, having a similar overall 
isotopic signature to crankcase oil, the BI3e of the individual compounds, were generally 
more emiched in outboard motors, and unlike crankcase oil, Py concentrations in these 
condensates were generally lower and simiiar to FI levels imparting a FIIPy ratio 
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indicative of a combustion input source. Although, S-ring compounds were identified in 
the molecular signature of outboard motor samples, reliable 013e determinations were 
hindered because of their relatively low concentrations and the presence of a prominent 
UeM. However, it is likely that these compounds will also be more enriched than their 
counterparts in crankcase oil since the netroleum undergoes partial combustion in the two-
stroke engine prior to discharge. 
There are a number of difficulties associated with usmg outboard motor 
condensates as an alternative PAH input source to the sediments, (1) only Py seems to 
exhibit the olle enrichment speculated to take place in two-stroke engines (2) the 
molecular abundance of Py in the outboard motor condensate is too high to be 
overwhelmed by the "combustion" component and (3) the notable absence of a significant 
ueM (biodegraded oil) in the chromatograms. An attractive proposition is yet another 
"diagenetic" component in place of outboard mo.tor oil. This "diagenetic" PAR 
component can be produced from terrestrial vegetation such as those described in section 
(1.4.2) and _ which include a wide range of polyterpenoids. Although we were unable to 
molecularly and isotopically characterize this diagenetic PAH component, the fact ~hat 
they are mainly derived from polyterpenoids suggest that they are very likely to be 
depleted in 013e. This suggestion is partly supported by the isotopic measurements on 
retene (-28.1 to -24.5°/ oJ· It is interesting to further speculate that the diagenetic process 
does not produce substantial Py (i.e., there are no known low temperature diagenetic 
precursors of Py) or if such formation is possible, the Py produced is isotopically 
enriched. The latter suggestitm, although entirely speculative, is consistent with the 
:< 
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observation that perylene, a peri-condensed compound, is isotopically heavier 
(-25.2 to -22.4%0) than non-peri-condensed structures like retene. Nevertheless, there are 
potential problems associated with the proposed diagenetic component. One problem is 
that perylene concentrations are not significantly higher than what is normally expected 
from anthropogenic sources. Another is the abundance of nona Item ant compounds, which 
are normally associated with combustioll processess. However, the formation of 
combustion and diagenetic PAH are not well enough understood (e.g., Grimmer and 
Bohnke, 1978) to substantially rule out the proposed diagenetic component. 
In contrast to the Harbour within which combustion PAH were the predominant 
input source, more substantial contributions from the second component are required to 
explain the PAH oDe values for the Conception Bay sediments. The majority of the 
sample sites concentrating close to the fire soot end-member suggests that FI and Py seem 
to be mainly of combustion origin (Figure 76). However, greater inputs of a oDe 
depleted component are implicated for the higher molecular weight PAH. This is again 
similar to the range of values estimated for the individual compounds using Eq. 2 (Figure 
75). The relative importance of the second component compared to combustion may 
account for the relatively depleted ol3e values of the PAH in Conception Bay compared 
to the Harbour sediments. The influence of a second component was not evident from 
the compositional ratios of the prominent compounds in the molecular signature, which 
mainly reflected PAH of combustion origin. However, elevated ehy levels, low FIIPy 
ratio at site erR 23 and the high Pal A ratio were all noted earlier. With the exception 
of alkyl chrysene, the general absence of diagenetic indicators in these sediments can be 
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attributed to the preferential weathering of low molecular weight and alkylated compounds 
in Conception Bay. For example, preferential weathering can eventually enrich a 
petroleum signature in parental PAH which can be mistaken to originate from incomplete 
combustion (Ehrhardt et aI., 1992). Biodegradation, particularly by bacteria and fungi and 
photochemical degradation are recognised as the most important pathways for degrading 
low molecular weight and alkylated PAH (Leahy and Colwell, 1990; Ehrhardt et al., 
1992). Saturates have the highest biodegradation rates, followed by light and alkylated 
aromatics, with high molecular weight parental PAH (4 and 5-ring) exhibiting low rates 
of degradation (Fusey and Oudot, 1984; Ehrhardt et al.. 1992). . Therefore. structure-
dependent selectivity in the microbial and photolytic degradation of PAH sources may 
thus result in the loss of characteristic markers that are indicative of diagenetic inputs. 
The lack of definite trends in the cS 13C values of the individual anthropogenic 
compounds in the deeper cores particularly the 3 and 4-ring PAH is consistent with the 
molecular data that indicates that the upper sediment layers at these sites are either 
homogeneously mixed or the PAH contributions and deposition are time invariant. The 
absence of a temporal trend also supports the suggestion that a second component is 
diagenetic rather than anthropogenic in nature. 
The mean isotopic signature of Conception Bay surface sediments and secondary 
source samples are compared in Figure 72. On the basis of the compositional ratios of 
the molecular signatures, and the BI3C of the PAH in these sources and sediments it is not 
tJossible to assess a pathway for PAH deposition in this particular site. Since this is a 
relatively remote site, aeolian deposition can be postulated as a prominent pathway. 
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To conclude, parental PAH in the Conception Bay sediments are not simple 
mixtures of the primary sources that was proposed for St John's Harbour. In spite of this, 
a combustion component was positively identified using a combination of the molecular 
signature and carbon isotope data. For example, the dominance of 3,4 and 5~ring PAH 
in the molecular signature was indicative of combustion. However, the mixing 
calculations and diagrams appear to show the dominance of fire soot emissions over car 
emissions. The sediments were also characterized by the presence of an isotopically 
depleted component and two possible ol3C~depleted sources were described including 
outboard motor condensates and natural diagenetic products. Although the present work 
cannot definitively identify the I3C~depleted component, the evidence discussed tends to 
favour natural diagenesis as the 13C-depleted source. 
On the basis of the molecular signatures alone, it is noteworthy that there was no 
clear evidence for the proposed second component. Also the apparent absence of other 
diagenetic markers in the molecular signatures is enigmatic, but it may be related to the 
preferential loss of low molecular weight and alkyl-!iubstituted PAH during early 
diagenesis. Despite the low PAH concentration in Conception Bay, primary inputs can 
still be elucidated using the molecular signature and carbon isotope data collectively. 
It should be noted that statistical variations around each of the selected mixing 
sources were not considered in the two mixing approaches (£q. 2 and 3). Provisions for 
such statistical variation in the sources is expected to produce more realistic mixing 
calculations. If this was undertaken based solely on the assumed normal distribution 
around the mean isotopic compositions of the sources, only a select number of samples 
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or sampling sites can be assumed to require "mixed sources" (e.g., sites E for St. John's 
Harbour, Figures 68 and 71; site C in COi1ception Bay, Figures 77 and 79). It is evident, 
however, that the aforementioned samples are part of two-dimensional arrays of samples 
(i .e., with other samples within two standard deviation of the sources) in the mixing 
diagrams that indeed closely followed the calculated mixing curves. There are other 
reasons why the use of Eq. 2 and 3 is a valid representation of source mixing in the 
sediments. First, if the distribution of the compound-specific 0 13C values in the sediments 
simply represents statistical variations around one or both combustion sources, why are 
the observed values almost al.l depleted in 13C compared to the combustion mean o\3C 
values? Furthermore, these values are also shown to be trending towards the 13C depleted 
source and not randomly distributed in the mixing diagrams. Clearly, the real statistical 
variations around each combustion source must be substantially smaller than indicated by 
the assumed normal distribution based on the analyses of individuai fire and car soot 
sources. For example, the use of Mann Whitney rank sum test (non-parametric 
distribution analysis) indicates that a number of sediment samples are statistically 
distinguishable from either of the two combustion sources (e.g., FI and Figure 66 and 
75). What is important point is the sediments generally plot in two-component mixing 
arrays and that the .relative importance of the mixing components is unchanged even if 
different variables ai~ selected (i.e., regardless of the choice of PAH) are themselves 
substantial evidence in support of the mixing model. It would therefore appear that the 
statistical limitations implied by the 013C variations in the individual sources is less severe 
than it appears. It is postulated that the reason for this is related to the manner by which 
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mixing in the sediments takes place in real systems. In systems, such as St. John's 
Harbour, for example, it is unlikely that individual fire or car soot samples can ever be 
represented ill the sediments. Individual car soots are mixed with other car soots, and the 
same is true for fire soots. This "averaging" effect is likely to result in the deposition of 
compc~<;l~~Q samples whose isotopic signatures are more tightly defined than indicated by 
the statistical analyses we have performed on the individual samples. This is indeed what 
was observed in some samples composited in this present study 
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5.0 CONCLUSIONS 
The primary aim of this study was to determine whether CSIA can provide 
complementary information to molecular signatures in tracing significant primary and 
secondary source inputs of PAH to depositional environments. The approach was to 
initially characterize the molecular and isotopic signatures of prominent primary and 
secondary P AH sources, and then to quantitatively compare these signatures to the 
corresponding signatures isolated from St. John's Harbour and Conception Bay sediments 
which were used as "model study sites". Prior to achieving this overall aim and because 
of the complex nature of environmental samples (UeM, coelution and varying individual 
PAH concentrations), suitable extraction and purification methods had to be adopted to 
allow CSIA measurements to be undertaken on individual compounds. Also, the stability 
of the allC of standard PAH taken through the adopted work-up procedures and during 
a series of weathering reactions (volatilization, photolytic and microbial degradation) was 
assessed: 
Multiple compound-specific isotope measurements on a standard mixture ofPAH 
were performed with a precision of between 0.25 and 0.39"/00 and an accuracy that ranged 
between 0.01 "/00 and 0.57°/oD' Reproducibility of GC/CIIRMS measurements on a range 
of field samples with varying UCM's and individual PAH concentrations were performed 
within a precision of 0.300100 for well separated 3, 4 and 5-ring compounds while 
variations in precision of up 0.85"1"0 were recorded for some high molecular weight 
coeluting isomers. The precision of these measurements was unaffected by the magnitude 
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of the background matrix (UCM), with precisions of better than 0.24%
0 
recorded for the 
recovered internal standards from samples with prominent UCM's. 
The adopted extraction and purification methods (adsorption and evaporation) did 
not significantly alter the isotopic integrity of the investigated PAH standards, even with 
recoveries as low as 45% for some low molecular weight compounds. Recoveries for the 
higher molecular weight P AH were generally better than 70%. 
Isotopic alterations associated with the photolytic degradation of PAH standards 
exposed to natural sunlight in a range of organic solvents were r. ~ ; t observed for the 
higher molecular weight 4 and 5-ring compounds. Microbial degradation and utilization 
of Na and FI as sole carbon sources in laboratory experiments on aqueous media resulted 
in no significant alteration in their original a13c values. The BI3C of the residual Na, with 
up to a 95% reduction in concentration was within 0.50% 0 , and FI with up to 63% 
reduction was within 0.30% 0 , of their initial BI3C values. 
The molecular signatures of primary sources, based on the compositional ratios of 
the prominent compounds, were consistent with previous studies. Despite the presence 
of Na and MNa in some of the car soot samples, fireplace and car soots were 
characterized mainly by the dominance of 3, 4 and 5-ring parental PAH and were 
identified as the prominent primary combustion sources. Other primary combustion 
sources investigated (e.g., power generating station, domestic oil fired furnaces) had 
generally lower PAH levels, although they had very similar molecular signatures to the 
fire and car soot samples. 
Crankcase oil was found to be the prominent primary petroleum source, and 
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consisted mainly of 2 and 3-ring parental and methylated PAH with generally lower 
concentrations of higher molecular weight (4 and 5-ring) parental compounds. With the 
exception of generally lower Py concentrations, the molecular signature of outboard motor 
condensates was similar to crankcase oil. The molecular signatures of crude oil and #2 
fuel oil were comparable to previously reported signatures for these sources. 
Some compositional ratios, particularly Pal A, PalMPa and FIIPy of the primary 
combustion and petroleum sources were distinct, and were used to qualitatively constrain 
inputs from these sources in depositional environments. 
With the exception of enriched Py, BI3e trends (compOlll1d to compound 
variations) observed in the two prominent primary combustion sources were similar and 
consisted of relatively depleted 3 and 5-ring PAH as well as enriched 4-ring compounds. 
This trend was postulated to be jointly dictated by the precursor compounds in the 
original source material and by a series of secondary reactions that occur during pyrolysis 
and pyrosynthesis. Lignins and terpenoids were proposed as important pAH precursors 
for the isotopically depleted PAH in fireplace soots while benzene, alkylated benzenes and 
crankcase oil components (e.g., terpenoids) are the most likely precursors of car soot 
PAH. Other primary combustion sources investigated were shown to have B13C trends 
that were comparable to the prominent combustion source signatures. Despite the 
similarity in the overall combustion B13C trends, certain distinct features in the BI3e of 
individual compounds such as the trend between Pa and MPa and relatively enriched Py 
compared to FI can potentially be used as source tracing tools if the contributions of 
individual combustion sources need to be elucidated. 
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oDe values ofPAH isolated from crankcase oils and other petroleum sources were 
significantly more depleted than combustion-derived PAH. The isotopically depleted 
signatures of the PAR isolated from crankcase oils were attributed to thermally-induced 
aromatization reac.tions of natural compounds that exist in the oil, a process analogous to 
diagenetic (catagenic) reactions in natural systems. This analogy was supported by the 
comparable o13e values of C " , "esponding PAH isolated from crude oils. It is suggested 
that the enhanced production of PAH in crankcase oil was due to the significant presence 
of cyclic precursors (e.g., naphthenes, terpenoids) in virgin crankcase oil. In contrast to 
combustion-derived signatures, crankc~1;) oil Pa was significantly more depleted than its 
two alkyl-substituted homologues and Py was more o\3e-depl~,ced than its isomeric partner 
Fl. The trend in the oUe of the PAH in the outboard motor condensates was similar to 
the trend observed in crankcase oil. However, the oUe of PAH in the outboard motor 
condensate were generally more enriched. 
Secondary source (open-road, untreated sewage and roadside snow) molecular 
signatures were comparable, consisting mainly of combustion-derived 3, 4 and 5-ring 
parental PAH and a prominent UCM, indicative of petroleum and petroleum products. 
Due to similarities in these signatures and the uncertain effects of weathering, it was 
difficult to discriminate clearly between inputs from the primary sources investigated 
using only the molecular distributions of the prominent PAR. Nevertheless, the signature 
of the enclosed asphalt paved car park sweep was indicative of petroleum and seemed to 
be influenced primarily by a predominance of crankcase oil. 
The trend observed in the ol3e of PAH in these secondary sources was found to 
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be highly complementary to the molecular signature data. The overall input of crankcase 
oil to the open-road sweeps and roadside snow samples was estimated using Eq. 2 to be 
approximately 30%, while inputs to the sewage samples were generaliy lower (20%). 
Combustion inputs to th~ open-sweeps consisted mainly of PAH from car emission origin 
whereas a combination of wood buming and car emissions are implicated for the sewage 
lUld roadside snow samples. 
The molecular signature of the St. John's Harbour sediments indicated the presence 
of PAR from combustion, petroleum and diagenetic sources. The input of combustion 
sources was identified using the compositional ratios of the prominent compounds 
whereas petroleum inputs were implied by the presence of alkyl-substituted PAH and a 
prominent UCM. Retene and perylene were identified to be the main compounds of 
diagenetic origin. Similar conclusions were obtained from the 013C values, which were 
found to be highly complementary to the molecul~ signatures in identifying prim?_ry 
source PAR inputs. Additionally, the prominent primary source inputs to these sedime!lts _  
were quantified using a combination of the OllC and the normalized molecular abundance 
of the individual 4 and 5-ringPAH in two component mixing calculations. The results 
of these mixing calculations indicated that: 
(a) the PAH in St. lohn's Harbour comprised mainly of a mixture of the three 
prominent primary sources (fire and car soots, and crankcase oil), with an average 70% 
derived from the combined combustion inputs while the remaining 30% was attributed to 
crankcase oil contributions, 
(b) in contrast to the inability of molecular distributions to resolve the relative 
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importance of the two prominent combustion sources, the results of th~ isotopic mass 
balance calculations strongly suggest that car emissions are more important than wood 
burning as a combustion input source to the Harbour sediments. 
(c) the heterogenous nature of the sediments was also highlighted, with site E 
consisting of up to 50% crankcase oil while others (H and J) were predominantly of 
combustion origin, and 
(d) in accordance with the molecular signa\ure data, road runoff and runoff via 
storm sewers were identified as the most important pathways by which PAH are deposited 
in the Harbour. 
The molecular signatures of Conception Bay sediments were primarily indicative 
of combustion along with PAH of diagenetic origin. The conspicuous absence of alkyl-
substituted PAH and . a. UCM imply that petroleum inputs \0 the!'e sediments are less 
significant compared to the Harbour sediments. The absence of a concentration gradient 
with distance from the shore implies that either PAH deposition to these sediments is 
mainly by aeolian deposition or lateral mixing in Conception Bay is extremely efficient. 
Although, individual PAH concentratj~ns in these sediments were significantly lower than 
the Harbour, variations in the ol3C measurements of PAR from both sites were 
comparable. Applying the same mass balance calculations (Eq. 3) to the PAH in these 
sediments suggested that: 
(a) unlike the Harbour sediments, Ol3C of the parental PAR in Conception Bay 
cannot be explained by mixing the three prominent primary sources (wood burning, car 
emissions and Crankcase oil) investigated in the present study, 
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(b) the projection of the mixing arrays imply that wood burning emissions are 
possibly more important than car emissions as a combustion source, and 
(c) the presence of an unidentified isotopically depleted source was also apparent, 
with recent diagenetic or unidentified petroleum-related sources as suitable candidates for 
these &J3 e-depleted compounds. 
The adcption of extractio.'.l and purification methods reduced the difficulties 
associated with performing reliable eSIA measurements on individual PAR from a range 
of environmental samples. The stability observed in the ol3e of the 4 and 5-ring standard 
PAR suggests that the isotopic signature of these compounds isolated from depositional 
environments have not been significantly altered by similar weathering reactions during 
transport and deposition. The distinct ol3e values of the PAR isolated from the two 
combustion sources and crankcase oil indicate unique formation pathways for PAR in 
these primary sources. eSIA and molecular characterization are highly complementary 
tools for elucidating significant primary and secondary source contributions of PAR to 
depositional environments. Additionally, eSIA in combination with mass-balance 
calculations allows for a more quantitative approach to apportioning PAR sources and 
pathways in a wide variety of environmental samples. This approach was demonstrated 
in the contrasting depositional environments of St. John's Harbour and Conception Bay. 
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Appendix AI. Bile of the individual PAH isolated fmm the single and composite fireplace soot samples. 
No PAD Mol Wt Sing 1 Sing 2 Sing 3 Sing 4 Sing 5 Sing 6 Sing 7 Sing 8 Sing 9 Sing 10 Comp Comp 
Repeat 
1 Pa 178 -25.8 -26.3 -26.3 -27.2 -26.9 -27.0 -26.7 -25.5 -25.2 -27.0 -26.7 -27.0 
2 A 178 -23.5 -23.8 -24.7 -25.2 -24.2 -25.1 -23.3 -24.4 -25.7 -25.7 
3 MethylPa 192 . -25.3 -26.0 -26.7 -27.2 -27.3 -27.1 -26.4 -25.2 -25.4 -26.2 -27.2 -27.8 
4 Methylene Pa-A· 190 -24.0 -24.5 · -26.1 -23.6 -24.2 
5 MethylPa 192 . -25.1 -25.7 -25.4 -25.5 -26.3 -26.1 -26.0 -24.5 -24.7 -26.8 -27.1 
6 Phenyl Na 204 -26.5 -27.1 -27.0 -27.5 -26.8 -26.9 -26.2 -25.8 -27.6 -28.Z 
7 Dimethyl Pa-A 206 -25.8 -25.1 -24.3 -24.5 -27.0 -27.1 
8 FI 202 -25.2 -25.3 -24.5 -24.4 -26.7 -26.3 -27.0 -24.7 -25.1 -27.3 -25.3 -25.0 
9 Py 202 -24.9 -24.8 -23.9 -23.2 -26.9 -26.2 -27.1 -24.0 -24.7 -28.3 -25.7 -25.2 
10 Unknown 218 -24.5 -24.1 -23.1 -20.7 -2:1.5 -22.3 -26.2 -23.6 -23.8 -24.6 -24.9 
11 Methyl FI-Py* 216 -24.9 -24.4 -24.2 -23.7 -26.7 -26.2 -25.5 -24.2 -24.9 -25.4 -25.4 
12 Methyl F1-Py* 216 -24.5 -24.3 -24.1 -22.9 . -25.9 -25.6 -26.6 -24.6 -25.1 -24.8 
13 Methyl F1-Py* 216 -24.9 -24.4 -23 .7 -22.9 -24.0 -24.7 -26.7 -24.8 -24.4 -24.8 
14 Retene* 234 -26.7 -26.3 -26.5 -26.5 
15 Dimethyl FI-Py* 230 -24.8 -25.5 -23.8 -23.7 -26.1 -27.1 -24.5 -25.1 -24.5 -24.5 -24.1 
16 B(ghi)FIICP( cd)Py* 226 -24.7 -24.4 -24.4 -22.7 -25.0 -24.4 -26.1 -24.9 -24.4 -24.7 -23.9 -24.2 
17 BaA 228 -24.1 -24.8 -25.3 -23.4 -26.3 -23.9 -26.1 -24.3 -23.7 -26.7 -25.6 -25.2 
18 Chy 228 -25.5 -24.8 -23 .9 -23.4 -26.4 -25.2 -27.1 -24.6 -25.3 -26.4 -25.6 -25.2 
19 BFI 252 -26.1 -25.7 -25.1 -25.8 -26.0 -25.9 -27.4 -24.6 -24.7 -26.8 -26.6 
20 BeP 252 -26.5 -24.8 -25.3 -26.4 -26.6 -25.0 -25.2 
21 BaP 252 -26.6 -24.8 -25.3 -26.4 -26.7 -25.4 -24.8 -25.1 -25.2 
• = Tentatively identified by GC-MS 
w 
00 
0 
Appendix A2. Bile of the individual PAH isolated from the single and composite car soot samples. 
No PAD Mol W Comp 1 Comp 2 Comp 3 Comp 4 Comp 5 Sing 1 Sing 1 Sing 2 Sing 3 Sing 4 Sing 5 
1-3 4-9 9-11 1-9 1-5 Repeat 
1 Na 128 -25.6 -26.3 -26.5 -26.2 
2 MethylNa 142 -25.7 -26.3 -26.3 -26.4 -26.1 -27.0 -26.2 
3 MethylNa 142 -25.2 -25.8 -25.5 -26.2 
4 Ay 152 -23.7 23.6 -23.5 -23.6 -23.1 -23.6 -23.9 -22.7 -23.9 -24.1 
5 Dibenzofuran • 168 -26.6 -25.0 -26.0 
6 F 166 -26.2 -26.0 .; -25.6 -26.4 -25.8 -26.0 
7 Pa 178 -26.4 -26.1 -26.7 -25.9 -25.9 -23.1 -23.7 -26.4 -25.9 -26.2 -26.5 
8 A 1'78 -24.5 -24.2 -25.5 -25.8 -24.8 -23 .5 -24.4 -25.4 -25.5 -24 .6 -24.4 
9 Methyl Pa 192 -26.4 -27.5 -27.8 -26.3 -26.5 -27.2 -27.2 -27.4 -27.0 -25.9 -26.3 
10 Methyl Pa 192 -26.1 -28.3 -25.6 -26.3 -26.8 -25.5 -26.4 
11 Phenyl Na 204 -26.0 -27.0 -25.8 -25.6 -25.4 -25.8 -26.5 -26.4 -26.0 -26.0 
12 FI 202 -24.7 -26.3 -25.8 -25.6 -23.7 -21.8 -21.8 -25.3 -24.1 -25.4 -25.6 
13 Py 202 -25.5 -25.2 -24.4 -24.8 -24.1 -20.8 -20.9 -24.5 -22.3 -25.4 -25.6 
14 Methyl FI-Py* 216 · -26.0 -24.3 -23.4 -25.5 -26.3 
15 B(ghi)FlII( cd)Py* 226 -25.2 -27.1 -26.0 --24.7 -23.3 -21.3 -21.8 -24.1 -24.4 -26.4 -26.3 
16 BaA 228 -25.6 -23.6 -22.9 -25.2 -22.1 -21.6 -26.3 -24.0 
17 Chy 228 -26.2 -27.0 -26.3 . -26.8 -25.9 -24.7 -22.7 -26.3 -26.3 
18 BFt 252 -25.7 -26.3 -27.4 -26.8 -23.5 -22.9 -25.6 , -25.6 
19 BeP 252 -25.1 -26.1 -26.9 -23.3 -23.6 -26.1 
20 BaP 252 -25.1 -24.2 -25.9 -28.5 -22.5 -22.7 -26.1 
* = Tentatively identified by GC-M;S 
VJ 
00 
-
Appendix A3. B\3C of the individual PAH isolated from the single and composite crankcase oil samples . 
No . PAR Mol Wt. Comp 1 Comp 2 Comp 3 Comp 4 Comp S Comp 6 Sing 1 Sing 2 Sing 3 Sing 4 Sing S Sing 6 
I Na 128 -26.5 -26.8 
2 Methyl Na 142 -26.9 -27.8 -27.7 -26.3 -26.8 -26.8 -27.8 -26.8 -27.1 
3 Methyl Na 142 -26.0 -27.8 -25.0 -25.6 -26.2 -26.0 -26.5 -26.0 -26.9 
4 Dimethyl Na 156 -27.2 -25.7 -26.3 -26.9 -26.2 -26.6 -26.9 -26.3 -26.5 -27.1 
5 Dibenzofuran- 168 -27.3 -27.9 -28.1 -27.1 -28.1 -28.3 -28.8 
6 Trirnethyl Na 170 -27.4 -27.2 -27.2 -26.8 -26.8 -26:8 -26.6 -27.3 
7 F 166 -28.6 -29.3 -28.0 -28.5 -27.4 -28.1 -21.3 -28.9 -28.4 -29.0 
8 DBT 184 -28.4 -28.1 -28.4 -27.8 -28.3 -28.2 -28.1 -28.0 -28.7 -28.4 -28.2 -28.6 
9 Pa 178 -29.6 -29.0 -29.3 -28.8 -28.2 -28.8 -28.9 -29.0 -28.9 -28.6 -28.1 -28.9 
10 Methyl DBT· 198 -27.2 -27.3 -27.1 -27.9 -27.1 -27.6 -21.1 
11 Methyl Pa 192 -28.2 -27.3 -28.4 -28.0 -27.4 -28 .1 -27.8 '-26.8 -27.3 -27.1 -27.0 -27.3 
12 Methyl Pa 192 -28.0 -27.3 -28.1 -27.1 -26.6 -26.9 -27.9 -27.1 -26.5 -26.6 -25.7 -27.8 
13 Phenyl Na 204 -27.3 -25.5 -28.2 -26.5 -21.1 -27.9 -26.3 -28.5 
14 Dimethyl Pa· 206 -27.5 -27.8 -26.9 -27.2 -27.3 -26.8 -26.7 -25.5 -26.5 -26.6 -26.7 -27.9 
15 Dimethyl Pa· 206 -27.8 -27.4 -27.0 . -26.6 -28.1 -26.1 -24.4 -26.4 
16 FI 202 -27.9 -27.1 -27.4 -27.1 . -26.7 -26.9 -27.3 -29.3 -27.1 -26.8 -25.0 
17 Py 202 -29.6 -28.8 -29.1 -21.9 -27.6 -28.6 -29.4 -29.1 -28 .9 -28.1 -28.8 -28.2 
18 Methyl FI-Py· 216 -27.2 -27.5 -28.4 -26.8 -26.3 -26.8 -26.8 -27.6 -27.4 -26.9 
19 Methyl FI-Py· 216 -26.9 -26.6 -28.2 -26.3 -26.5 -26.4 -26.7 -26.6 -27.3 -28.1 
20 Methyl FI-Py· 216 -26.8 -28.9 -27.2 -26.6 -26.8 -25.3 -28.4 -25.2 
21 BaAlChy 228 -27.3 -27.2 -27.8 -27.3 -/J.6 -27.4 -27.6 -27.3 -21.1 -28.5 
22 BFI 252 -21.7 -27.3 -29.9 -27.0 -28.8 -27.5 -27.5 -28.1 -27.7 
23 BePlBaP 252 -27.6 -27.8 -28.8 -28.7 -25.9 -28.2 -26.4 
cr. 
- = Tentatively identified by GC-MS 
..... 
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Appendix A4. olJe of the individual PAR isolated from crude petroleum and 
petroleum products. 
No PAD Mol Wt. Ara.b ;: Cal c.. Case O. Board #2 Fuel 
Crude Crude Oil Motors Oil 
1 Na 128 -27.0 -27.7 -26.8 -26.4 -27.0 
2 Methyl Na 142 -27.1 -28.5 -27.2 -26.6 -27.0 
3 Methyl Na 142 -26.4 -27.4 -26.5 -25.1 -25.6 
4 Dimethyl Na 156 -26.0 -28.1 -25.4 -26.8 
5 Dimethyl Na 156 -26.1 -27.6 -26.0 -25.6 -26.5 
6 Dimethyl Na 156 -26.3 -27.2 -26.7 -25.7 -26.7 
7 Dimethyl.Na 156 -24.8 -25.7 -26.0 -25.3 -25.5 
8 Dimethyl Na 156 -22.7 -25.0 -25.0 -24.5 -25.5 
<I 9 Trimethyl Na 170 -25.3 -27.2 -26.1 -26.7 
10 Trimethyl Na 170 -25.8 -27.3 -26.6 -26.6 
11 Trimethyl Na 170 -25.4 -26.2 -27.2 -27.3 -26.9 
12 Trimethyl Na 170 -24.8 -25.9 -27.3 -26.9 
::.::.-:: '.', . 13 DBT 184 -28.5 -31.5 . -28.3 -26.6 
14 Pa 178 -27.7 -29.4 -28.7 -28.6 
15 MethylDBT 198 -29.7 -32.2 
16 . MethylDBT 198 -28.6 -30.3 
17 MethylDBT 198 -27.3 -29.2 
18 Methyl Pa 192 -27.5 -29.2 . -27.2 -28.4 . 
19 MethylPa 192 -27.3 -29.2 -26.9 
20 . Dimethyl DBT· 212 -30.7 -31.4 
21 Dimethyl DBT· 212 -29.5 -30.6 
22 Dimethyl DBT· 212 -27.8 -27.6 
23 Dimethyl Pa 206 -27.7 -29.4 -27.0 
24 Trimethyl DBT· 226 -28.5 -30.4 
25 Trimethyl DBT* 226 -28.5 -30.3 
26 Fl 202 -27.1 -26.8 
27 Py 202 -28.8 -27.9 
28 Baa+Chy 228/228 -27.7 
29 BFl 252 -27.8 
30 BaP+BeP 252/252 -26.7 
• = Tentatively identified by GC-MS 
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Appendix AS. Bile of the individual PAR isolated from the power generating station 
and domestic furnace composite soots. 
No PAB Mol Wt Stack Hopper Dom. Fur. I Dom. Fur. IT 
1 Pa 178 -25.6 -25.7 -25.4 
2 Methyl Pa 192 -26.0 -27.9 -26.2 
3 Methyl Pa 192 -26.4 -25.9 
4 Phenyl Na 204 -27.3 
5 Dimethyl Pa-A • 206 -26.5 -27.1 -26.6 
6 Fl 202 -25.7 -26.3 -25.8 
7 Py 202 -25.6 -25.9 
8 Methyl Fl-Py· 216 -26.8 
9 Trimethyl Pa-A· 220 -25.3 
10 BaA+Chy 228 -26.5 -27.3 -27.3 
11 BFI 252 -28.3 
12 BeP+BaP 252 -26.3 
• = Tentatively identified by GC-MS 
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Appendix A6. olle of the individual FA" isolated from the open-road and enclosed car park sweeps. 
No PAD Mol Wt Sing 1 Sing 2 Sing 3 Sing 4 'Sing 5! Sing 6!! Sing 7 Sing 8 Sing 9 Sing 10 Sing 11 
1 MethylNa 142 -29.8 
2 Methyl Na 142 -27.3 
3 Dimethyl Na 156 -28.4 
4 Dibenzofuran * 168 -27.3 
5 F 166 -29.5 
6 Pa 178 -24.9 -25.6 -25 .6 -25.3 -27.4 -29.6 -25.8 -26.1 -26.5 -25 .9 -25.9 
7 A 178 -24.1 -23.4 
8 Methyl Pa 192 -26.2 -26.6 -30.4 -24.6 
9 Methyl Pa 192 -25.5 -28.8 -24.3 
; . 
10 Dimethyl-Pal A * 206 -29.2 
11 FI 202 -25.4 -25.1 -25.9 -25.0 -27.0 -28.6 -25.3 -25.1 -26.6 -26.2 -25.7 
12 Py 202 -25.7 -24.3 -23 .8 -25.0 -27.2 -29.3 -25.5 -26.8 -25.4 -24.2 -25.2 
13 BaA+Chy 228 -26.9 -25.7 -27.4 -27.5 -27.6 -24.6 
14 BFI 252 -26.9 -27.4 -27.4 -27.4 -28.5 -27.0 -26.6 
15 BeP+BaP 252 -24.8 -26.4 -26.1 -27.3 
I = Cement paved car park 
II = Asphalt paved car park 
* = Tentatively identified by GC-MS 
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Appendix A 7. l)13C of the individual PAH isolated from the surface and deeper St. lohn's Harbour sediments. 
No PAH Mol Top 10 em' 20 em 30 em Top Top Top Top Top Top Top 
Wt. 2em Deep Deep Deep 2em Zem 2em 2em 2em 2em 2em 
I Pa 178 -25 .2 -25.6 -25.6 -25.7 -25.7 -25.9 -25.7 -25.3 -25.7 -25.4 -25.3 
2 A 178 -24.4 -24.9 -25.2 -24.9 -24.9 -24.9 -24.9 -24.6 -23.5 -25.0 
3 Methyl Pa-A 192 -26.6 -25.9 -25.9 -27.2 -27.2 -27.7 -26.1 -26.7 
4 Methylene Pa-A· 190 -26.7 -26.3 -27.2 -25.4 -25.5 -25.4 
5 Methyl Pa 192 -25.6 -25.9 -26.6 -26.7 -26.5 -26.6 -25.2 
6 Phenyl Na 204 -26.0 -26.7 -26.5 -25.8 -26.0 -26.2 
7 Dimethyl Pal A 206 -26.6 -26.4 -26.4 -27.6 -27.4 -27.8 -25.6 -25.7 
8 Fl 202 -25.9 -25.9 -26.0 -24.5 -26.5 -26.2 -25.6 -25.7 -25.4 -25.9 -25.1 
9 Py 202 -26.4 -26.1 -26.2 -25.1 -26.5 -26.5 -25.9 -25.7 -25.5 -25.8 -25.1 
10 f\.kthyl FI-Py* 216 -26.5 -25 .9 -26.2 -26.6 -25.6 -25.9 -26.0 -26.5 
II Methyl FI-Py* 216 -26.2 -26.4 -25.8 -26.3 -26.7 -26.5 -25.8 -26.2 -26.0 
12 Rctcnc+ 234 -26.8 -26.4 -26.6 -26.7 -26.8 -26.7 -25.8 -25 .8 -25.7 
13 B(ghi) FVC P( cd)Py* 226 -26.7 -26.4 -26.6 -26.4 -26.5 -27.7 -27.0 -26.4 -27.1 
14 BaA 228 -25.7 -25.4 -26.5 -26.0 -26.6 -25.9 -26.2 -24.9 -25.9 -25.8 
15 Cby 228 -25.5 -26.0 -26.5 -26.6 -26.4 -26.6 -25.6 -26.4 -25.4 -26.1 -25.2 
16 BFI 252 -26.0 -26.7 -26.3 -26.2 -26.8 -26.6 -26.8 -26.1 -26.3 -26.5 
17 BaP 252 -26.1 -25.9 -25.7 -25.8 -26.2 -26.4 -26.0 -26.8 -25.3 -25.7 
• = Tentatively identified by GC-MS 
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Appendix A8. OIlC of the individual PAH isolated from the surface and deeper Conception Bay sediments. 
No Site Pa Fl Py BaA BFl BeP Per Retene-
Chy BaP 
1 CTR23/2cm -26.0 -26.3 -26.1 -25.2 -26.6 -23.3 -2:5.6 
. " 2 CTR23/4em -25.5 -26.1 -26.3 -26.3 -27.2 -24.5 -24.6 
3 CTR23/4 em (R) -25.8 -26.3 -26.3 -25.6 -25.0 -25.2 
4 CTR23/6cm -25.6 -26.2 -25.S -25.3 -24.2 -25.0 
5 CTR23/8cm -26.2 -26.3 -26.4 -26.5 -27.4 -26.2 -24.2 -24.S 
6 CTR23/10em -26.4 -16.1 -26.3 -26.9 
7 CTRl12 em -25.9 -26.5 -25.3 -26.7 -26.4 -22.5 -24.8 
8 CC4/2cm -25.5 -26.0 -26.3 -26.0 -26.6 -24.8 -25.0 
9 CC4/2 em (R) -25.6 -26.5 -25.7 -25.3 -24.8 -25.3 
10 BRLP5/2em -25.8 -26.6 -26.4 -26.2 -26.8 -24.3 -25.5 
11 BRLP512 em (R) -25.8 -26.1 -26.6 -28.9 -24.7 -26.1 
12 BRLP514cm -25.6 -26.3 -26.2 -24.4 -24.7 
13 BRLP516 em -26.1 -26.2 -25.6 -25.2 -27.8 -27.3 -24.5 -24.7 
14 BRLP5/8 em -26.4 -25.9 -25.7 -27.0 -26.7 -24.8 
15 BRLP5/10em -26.1 -26.5 -25.S -25.9 -22.4 -25.0 
16 BRLP5/12cm -26.1 -26.8 -26.8 -26.6 -27.2 -25.2 -25.3 
17 BRLP/14 em -25.9 -26.8 -26.2 -25.4 -27.0 -22.6 -25.8 
18 BRLP51C412 em -26.6 -26.6 -25.9 -25.4 -26.4 -25.2 -28.1 
19 BRLP51C4/S em -25.8 -26.8 -26.1 -25.4 -27.S -26.0 -24.1 -24.8 
20 CCll2 em -26.2 -26.3 -23.6 -25.7 
21 CC1I4 em -25.9 -26.2 -26.0 -26.2 -24.5 -25.5 
22 US3.5/2cm -26.1 -26.2 -26.0 -24.1 -25.0 
23 CW4/2em -26.1 -26.5 -26.8 -24.8 
24 CC6/2cm -25.6 -26.4 -26.2 -26.0 -27.6 -24.3 -26.1 
R = Repeat analysis ...... 00 
• = Tentatively identified by GC-MS -.J 
Appendix B. BI3C of the bulk organic fraction in Conception Bay and St. John's 
Harbour sediments 
Site Fraction Duplicate 
Conception Bay 
BRLP5 2 em -21.9 
4 em 
-21.9 
8 em 
-21.8 -21.9 
10 em 
-21.8 
12 em 
-21.6 
14 em 
-21.5 -21.6 
CCl 2em -21.8 
eTR 23 2 em -21.8 
14 em 
-21.8 
CC6 2 em -21.9 -21.9 
CW4 2 em -21.9 -2l.9 
CC4 2 em -21.9 
US3.5 2 em -21.8 
St. John's Harbour 
Deep Portion 2 em -24.9 -25.1 
Adel. Rd. 2 em -25 .3 
Quid. V. Rd. 2 em -25.l -25.1 
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Appendix C. Metal concentrations (ppm) in the surface and deeper sediments of 
Conception Bay. 
Sample Pb Ni Cu Zn V Cr Ce Ba As Sr 
eel 
2em 5 24 27 61 102 56 67 518 42 159 
12 em 6 22 24 61 102 60 68 546 33 151 
20 em ND 24 25 59 105 62 80 540 25 159 
-
BRLPS 
2cm 7 23 26 62 102 56 66 512 36 151 
4em 11 22 25 66 108 57 76 548 29 144 
6em 5 20 25 61 98 56 72 500 39 145 
8cm 8 22 27 62 III 57 86 537 29 155 
10em 8 24 28 64 107 57 105 507 31 157 
12 em 8 23 28 63 108 57 79 530 30 149 
14em 6 24 29 64 106 62 72 538 33 151 
CTR23 
2em 7 24 25 61 110 60 55 551 35 151 
l4em ND 25 27 62 96 64 45 527 14 156 
CC6 6 19 21 57 81 49 85 447 34 147 
US3.S 4 20 19 51 86 47 70 492 21 150 
CC4 10 22 25 61 87 47 53 320 33 140 
CW4 8 15 13 43 80 50 71 541 19 149 
60 390 
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Appendix D. Summary of the grain size analysis (% dry weight) for the surface and 
deeper sediments of Conception Bay. 
Appendix El. Major ion trace (mass 44) of a fire soot sample with internal standards 
and reference gas injection. 
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Appendix E2. Major ion trace (mass 44) of a car soot sample with internal standards 
and reference gas injection. 
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Appendix E3. Major ion trace (mass 44) of a road sweep sample with internal 
standards and reference gas inj ection. 
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Appendix E4. Example of a major ion trace (mass 44) of a crankcase oil fraction (3) 
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Appendix ES. Example of a major ion trace (mass 44) of a St. John's Harbour surface 
sediment sample. 
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Appendix E6. Example of major ion trace (mass 44) of a Conception Bay surface 
sediment sample. 
Appendix Fl. Examples of total ion chromatograms (TIC) obtained for a fireplace and 
car soot sample (primary sources). 
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Appendix F2. Examples of total ion chromatograms (TIC) obtained for a car soot 
(primary source) and road 'sweep (secondary source) sample. 
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Appendix F3 . Examples of total ion chromatograms (TIC) obtained for a St. 10hn's 
Harbour and Conception Bay sediment. 
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Appendix G. Location of fire soot, roadswe~p and snow samples 
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RS = Roadsweep 
WS = Wood soots 
SN=Snow 
~ 
o 
0\ 
Appendix H. Laboratory experimem.s and samples collected 
I Standard P AH Mix I 
Photolysis 
Experiments (4) 
Microbial 
Experiments (4) 
I Primwy Sources -----I Fire soots (10 Single, 1 Composite) 
Car soots (6 Single,S Composites) 
Crankcase oil (10 single, 6 Composites) 
Domestic Furnaces (2 Single) 
Crude oil (2 Single) 
Power generating station (1 Composite) 
OutLaard motor condensate (1 Composite) 
#2 Fuel oil (1 Single) 
I Secondary SOW'Ces :1------1 Open road sweeps (12 single, 1 
Composite) 
Sewage (2 Single grabs) 
Snow (1 Composite) 
Enclosed car parks (2 Composites) 
I Sediments 11------+ St. John's Harbour (9 Grabs, 1 Core) 
'-------...... 1 Conception Bay (S Box Cores,S Grabs) 
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